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Abstract 
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system  faults  and  on-board  HF  radio.  It  is  recommended  that  the  conventional 
2.5,raillicim  grounding  and  bonding  requirement  may  be  relaxed  providing  that 
special  tests  are  conducted  on  the  structure  al»d  subassemblies  that  enter  into  the 
grounding  and  bonding  current  paths.  These  tests  are  defined  and  recommendations 
made  for  advanced  structures.  A  limited  analysis  of  published  test  results 
concluded  that  good  agreement  may  be  possible  between  predicted  values  and  test 
results  for  complete  structures,  subassemblies,  and  components. 
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EXECUTIVE  SUMMARY 


This  report  presents  an  analysis  of  the  electrical  properties  of  the  advanced 
structural  materials  being  applied  for  the  next  generation  of  general  aviation 
and  transport  aircraft.  The  materials  considered  include  aluminum  honeycomb, 
bonded  aluminum,  graphite  epoxy  and  kevlar. 

There  have  been  concerns  expressed  in  the  literature  regarding  the  grounding 
and  bonding  specifications  for  present  aircraft  structures  not  being 
achievable  for  newer  materials.  The  technology  base  for  these  materials  was 
reviewed  for  electrical  properties,  test  procedures  and  test  data.  Data  is 
presented  that  confirms  many  of  the  concerns  that  adequate  grounding  and 
bonding  may  not  be  achievable  using  these  materials  under  the  constraints  of 
present,  specifications  limits. 

The  analysis  presented  re-evaluates  the  basis  for  the  present  2.5  milliohm 
grounding  and  bonding  specification  limits  with  the  conclusion  that  the 
present  limit  may  be  too  low  a  value  for  application  to  an  entire  aircraft. 
This  analysis  included  an  assessment  of  the  full  range  of  grounding  and 
bonding  system  EM  environments  applicable  to  aircraft  and  aircraft  electrical/ 
electronic  equipment.  It  also  considered  estimated  currents  from  lightning 
strikes,  power  system  faults,  RF  current  returns  from  on-board  and  near-by 
transmitters,  and  the  normal  operating  currents  from  avionics  and  electrical 
equipment.  Estimates  of  the  tolerance  of  on-board  systems  to  ground  system 
voltages  were  made  indicating  the  severity  of  effects  from  the  various  current 
sources.  The  results  of  this  assessment  provide  an  estimated  range  of 
allowable  grounding  and  bonding  limits  for  each  of  the  current  sources. 

The  most  severe  threats  to  equipment  are  from  lightning  currents.  The  next 
most  severe  threats  are  from  power  system  faults,  on-board  radio  transmitters 
and  electrical  equipment  having  ground  returns.  If  the  2.5  milliohm 
specification  were  applied,  the  assessment  indicates  that  all  systems  would  be 
safe  . 

For  many  of  the  new  materials  being  applied,  the  structure  will  be  far  more 
resistive  than  the  present  2.5  milliohm  requirement.  Kevlar  is  an  insulator 
and  graphite/epoxy  structures  may  have  resistances  on  the  order  of  a  few  ohms. 
Designs  using  these  materials  will  require  special  attention  to  allow  the 
addition  of  enough  metal  such  that  protection  against  lightning  strikes  may  be 
achieved.  Special  attention  will  also  be  required  to  add  metallic  pathways  in 
the  grounding  and  bonding  system  so  that  on-board  systems  will  function 
properly  in  the  presence  of  currents  anticipated  from  normal  or  fault 
conditions  in  on-board  equipment. 

Test  requirements  are  reviewed  to  develop  and  verify  designs  needed  for  the 
basic  structure  and  equipment  grounding  systems  in  aircraft  structures  where  a 
2.5  milliohm  requirement  cannot  be  met.  The  real  hazard  to  aircraft  safety 
from  inadequate  grounding  and  bonding  is  from  arcing,  sparks  and  hot  spots  in 
fuel  and  fuel  vapor  areas.  Available  test  methods  are  presented  and  reviewed 
with  particular  emphasis  on  protection  against  a  fuel  system  hazard. 
Recommendations  are  provided  regarding  a  range  of  tests  needed  for  the 
complete  airframe,  subassemblies,  and  small  samples  or  test  coupons  of  joints 
from  various  portions  of  a  structure.  For  fuel  and  fuel  vapor  areas,  tests 
are  needed  to  determine  allowable  maximum  limits  of  current  in  each  structural 
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joint  so  that  hot  spots  or  sparks  will  not  be  formed.  This  problem  is 
approached  by  first  testing  samples  of  each  type  of  joint  for  maximum 
allowable  current  limits.  Tests  are  then  conducted  on  the  complete  structure, 
or  major  portions  of  structure  such  as  a  wing,  to  determine  the  currents  from 
lightning  or  power  system  faults.  From  these  two  tests  an  assessment  may  then 
be  made  to  validate  that  the  design  will  be  spark  free. 

The  final  portion  of  this  study  evaluated  the  role  of  analysis  in  grounding 
and  bonding  design  verification.  If  successful,  an  analysis  effort  could  be 
useful  in  reducing  the  extent  of  complete  vehicle  testing  needed  for  design 
verification.  There  is  little  reference  in  the  literature  to  applications  of 
EM  theory  to  the  analysis  of  sparking  or  hot  spots  in  materials  or  in  joints 
between  various  materials.  An  analysis  of  existing  test  data  is  presented  to 
evaluate  an  ability  for  prediction  of  sparking  levels  for  three  different 
joining  methods  in  graphite  epoxy  structure.  Predictions  are  also  presented 
for  voltage  breakdown  of  bonded  aluminum  structures.  Comparisons  of  these 
analysis  results  with  published  test  data  indicate  that  these  analysis  methods 
are  promising  and  that  further  work  should  be  done  on  a  wider  range  of 
fastening  methods  and  materials.  Since  the  spark  thresholds  of  joints  depends 
strongly  upon  specific  sealant  materials  and  fastening  technique,  analysis  is 
not  expected  to  ever  replace  testing  of  joint  samples.  Analytical  modeling 
methods  are  described  that  may  be  useful  in  predicting  current  flow  in  a 
complete  structure.  The  technique  is  applied  to  predicting  the  currents  in  a 
graphite  epoxy  wing;  the  results  are  very  favorable.  This  technique  could  be 
very  useful  for  demonstrating  that  a  complete  structure  is  spark  free,  given 
the  maximum  current  limits  for  spark  free  joints  and  thereby  reducing  the  need 
to  test  every  joint  in  the  complete  structure. 


SECTION  I  -  INTRODUCTION 


PUR POS E  AND  SCOPE . 

Purpose .  Science  and  Engineering  Associates,  Inc.  prepared  this  report 
as  part  of  a  study  program  for  the  Federal  Aviation  Administration  entitled 
"Composite  Material  Electrical  Properties  Analysis."  This  limited  study  was 
to:  a)  provide  an  evaluation  of  grounding  and  bonding  test  methods  for 
metal,  metal  honeycomb  and  advanced  composite  materials;  b)  select  candidate 
bonding  and  grounding  systems  for  modeling,  test  and  evaluations;  c)  perform 
analysis  of  selected  test  techniques;  and  d)  provide  recommendations  based 
upon  the  analysis.  It  is  expected  that  new  requirements  and  design 
guidelines  will  be  needed  for  the  advanced  composite  structures. 

Background.  Competition  in  the  marketplace  for  aircraft  sales  and  the 
high  cost  of  fuel  is  developing  pressure  on  manufacturers  to  use  advanced 
technology  materials  and  electronic  equipment  in  the  next  generation  of 
aircraft.  This  is  evident  both  in  large  transport  and  in  general  aviation 
aircraft  currently  under  development.  Several  general  aviation  aircraft 
employing  advanced  technology  are  nearing,  or  are  in,  the  certification 
process  including  the  Beech  'Starship',  Learfan  and  AVTEK.  In  addition  to 
the  all -electric  engine  control  for  the  Boeing  757,  transport  aircraft 
manufacturers  are  researching  the  use  of  advanced  composite  structures, 
digital  data  buses  (beyond  ARINC  429),  and  all -electric  flight  control 
systems . 

Among  the  advanced  structural  matouals  and  processes  being  applied  are 
(1)  composite  materials  to  obtain  higher  strength  to  weight  ratios,  and  (2) 
me ' a ) -  to  -  me tal  bonding  with  adhesives  in  place  of  fasteners  and  rivets  to 
obtain  smooth  outer  surfaces  and  reduced  drag.  Completely  non- metallic 
structures  are  also  being  developed,  using  such  materials  as  bonded  honevcom 
kevlar,  fiberglass,  and  graphite/epoxy.  The  new  structural  fabrication 
methods  also  reduce  manufacturing  costs.  Other  advantages  include  reduction 
in  corrosion  and  fatigue. 

Scoj>e.  This  report  provides  technical  data  on  bonding  and  grounding 
requirements  for  composite  materials  and  recommendations  for  bonding  and 
grounding  specifications  applicable  to  advanced  technology  aircraft  such  as 
typified  by  1)  the  Pratt  &  Whitney  2037  all-electric-controlled  engines 
currently  being  installed  on  the  Boeing  757  and,  2)  the  all-composite 
airframe  and  newly  designed  digital  flight  control  and  data  bus  currently 
being  developed  for  the  Beech  300A  'Starship'.  Because  of  the  low 
conductivity  of  the  composite  materials  and  the  nonconductive  adhesive 
bonding  materials,  lightning  and  Electromagnetic  Interference  (EMI)  are  more 
seven;  threats  than  they  were  for  previous  all  metal  aircraft.  Hence,  these 
two  aircraft.,  and  future  ones  as  well,  require  new  specifications  and 
qualification  test  techniques  to  control  the  bonding  and  grounding  of  the 
structure  and  the  electrical  &  electronic  radio  frequency  (RF)  current 
return  circuits. 

Study  Description.  An  overview  and  Task  Flow  for  the  reported  work  is 
shown  in  Figure  1.  These  activities  were  aided  by  earlier  work  including 
lightning  technology  developed  by  the  Federal  Aviation  Administration  (FAA), 
National  Aeronautics  &  Space  Administration  (NASA),  Navy,  Air  Force,  Army 
and  Defense  Nuclear  Agency  (DNA). 
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EM  EFFECTS  ON  COMPOSITE  MATERIALS. 


EM  Potential  Protection  Problea.  There  are  several  potential  problems 
preventing  widespread  use  of  the  new  structural  technology.  These  include 
the  variability  of  the  mechanical  and  electrical  parameters,  impact 
strength,  effects  of  environmental  factors,  production  controls,  lightning 
protection,  static  electrification,  and  electromagnetic  compatibility. 

The  trend  in  avionic/electrical  equipment  toward  digital  circuits  having 
lower  operating  voltage  and  power  levels  adds  to  the  concern  regarding 
lightning  and  static  electrification  protection.  The  poor  (i.e.  lower) 
conductivity  of  the  new  materials  and  the  bonds  between  structural  members 
makes  it  difficult  to  obtain  the  2.5  milliohm  bonding  and  grounding  required 
by  current  military  specifications  (MIL-B- 5087).  This  bonding  value  is 
thought  to  provide  sufficiently  low  voltages  between  different  parts  of  the 
electrical  system  when  the  aircraft  is  struck  by  lightning. 

There  are  also  concerns  about  potential  interference  between  different 
on-board  digital  systems  and  sources  of  EMI.  The  Electromagnetic  (EM) 
shielding  provided  by  a  graphite  composite  fuselage,  without  seams  or  joints, 
is  one  to  two  orders  of  magnitude  smaller  than  that  provided  by  a  conventional 
aluminum  fuselage.  Seams  and  joints  reduce  the  shielding  to  a  practical  upper 
limit  of  25  to  40  dB  depending  on  size  and  number  of  seams  and  joints. 

Finally,  EM  compatibility  between  digital  and  RF  circuits  using  the  structure 
as  a  return  path  is  also  of  greater  concern  than  for  prior  aircraft. 

Considerable  effort  will  be  required  to  adequately  protect  electronic 
systems  in  advanced  aircraft  structures.  This  is  due  to  the  reduced  margins 
of  safety  between  the  EM  induced  transients  (stress)  and  the  ability  of  future 
technology  equipment  to  withstand  these  transients  (strain).  Since  advanced 
aircraft  electronics  operate  at  a  few  volts  compared  with  a  few  tens  of  volts 
for  older  aircraft  systems,  the  margins  of  safety  may  be  further  reduced  in 
future  systems. 

Lightning  and  static  electrification  protection  of  aircraft  and  ground 
based  systems  has  been  the  topic  of  considerable  technical  research  and 
concern.  During  the  Tast  several  years,  there  have  been  many  conferences 
dedicated  to  this  topic  and  considerable  work  completed  (References  1-39). 
Because  of  the  role  of  grounding  and  bonding  in  the  overall  electrical  and 
electronic  systems,  this  topic  is  also  included. 

AF  Task  Force  Recommendations.  In  1979  the  US  Air  Force  conducted  an 
assessment  of  the  potential  electrical  and  electromagnetic  effects  created  by 
widespread  application  of  advanced  composite  materials  to  aerospace  systems 
(Reference  5).  Technical  specialists  from  the  Air  Force  Aeronautical  Systems 
Division  (ASD),  Air  Force  Wright  Aeronautical  Laboratories  (AFWAL) ,  and  the 
Air  Force  Space  and  Missile  Systems  Office  (SAMSO)  formed  a  working  group  that 
collected  and  analyzed  responses  from  the  government  agencies  and  contractors 
involved  in  advanced  composite  research.  Questionnaires  were  developed  and 
sent  out  on  the  two  composite  materials  predominantly  used  for  aircraft  -- 
graphite/epoxy  (gr/ep)  and  kevlar.  The  graphite  materials  considered  were  GY- 
70  and  T-300.  The  first  has  the  higher  conductivity  and  is  primarily  used  for 
missiles.  The  second  has  slightly  lower  conductivity  and  is  used  in  aircraft 
for  its  mechanical  properties.  Kevlar,  essentially  an  insulator,  has  many 
aircraft,  missile  and  spacecraft  applications  and  is  widely  used  on  present 
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aircraft.  Kevlar  requires  speci,.i  treatments  agaii  static  electricity  and 
for  use  as  an  antenna  ground  plane. 

The  results  of  the  survey  (Reference  5)  produced  the  following  ranked 
list  of  concerns,  which  were  a  direct  result  of  the  differences  in 
conductivity  of  the  materials  (relative  to  aluminum),  shielding,  and  the  joint 
impedances : 

o  Lightning  spark  free  fuel  system  designs 

o  Lightning  indirect  or  induced  effects 

o  Bonding  of  joints  and  seams 
Corrosion  control 
Electrical  durability 
Structural  integrity 
Producibility 

o  Power  system  grounding 

o  High  frequency  (HF)  and  low  frequency  (LF)  antenna  performance 
o  Combined  space  environment  effects 
o  Specific  data  on  parametric  values 
o  Technology  transition 

The  relative  importance  of  these  factors  is  summarized  in  Figure  2.  This 
data  clearly  shows  the  importance  of  electrical  properties  of  joint  bonding, 
material  conductivity  and  electrical  grounding. 

The  study  group  also  stated  that  technological  development  is  essential 
in  five  major  areas: 

a.  Electromagnetic  shielding  characterizations  and  standardization  are 
necessary  to  provide  electrical  parameters  for  designs  having 
universally  accepted  data. 

b.  Effective,  durable,  maintainable  and  producible  electrically 
conductive  joint  technology  is  necessary  to  allow  accurate  designs 
characterization  and  eliminate  many  concerns  regarding  effects  of 
joints  on  the  EM  shielding  effectiveness. 

c.  A  lightning  proof  fuel  system  is  required.  In  addition  to  the  usual 
problems  of  arcing  and  sparking,  the  problem  of  hot  spot  ignition  is 
a  major  concern. 

d.  Design  alternatives  need  to  be  defined  and  demonstrated  to  preclude 
power  distribution  loss  and  lightning  induced  transient  problems  with 
sensitive  electronics  and  power  system  returns. 

e.  Because  of  the  lack  of  data  available,  the  effects  of  the  space 
environment  on  the  materials  electrical  and  mechanical  parameters  and 
related  design  features  require  definition. 
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Subsequently,  a  Tri - service ,  NASA  and  FAA  workinn  group  was  organized  to 
consider  these  needs,  providing  program  coordii .iti  ,,  esigii  guides  and 
handbook  development,  information  exchange,  spit  nicai  ,.oiu,  and  standards 
development  or  changes,  and  development  of  standard  test  methods  for  critical 
areas  such  as  shielding. 

RELATIVE  SEVERITY  OF  AIRCRAFT  EM  ENVIRONMENTS. 

Aircraft  are  exposed  to  a  wide  variety  of  EM  environments  from  onboard 
and  external  sources  including  the  following  major  items: 

o  The  electrical  power  and  electronics  equipment  often  require  that 
electric  currents  flow  in  the  structure,  if  not  by  design,  at  least 
through  equipment  faults  or  short  circuits. 

o  Lightning  strikes  to  an  aircraft  result  in  1 arf/  currents  of  short 
duration.  These  currents  may  flow  in  the  structure  and  in  any  of 
the  metallic  plumbing,  control  cables,  or  wiring  for  the  electrical/ 
electronic  systems. 

o  Antennas  on  the  aircraft  and  nearby  high  energy  RF  sources  may  cause 
large  RF  currents  in  the  structure. 

The  most  severe  F.M  environment  is  lightning.  Direct  strike  lightning 
currents  may  be  as  high  as  200  kA  and  the  rate  of  rise  may  exceed  100 
kA/usec.  The  effects  of  such  currents  will  be  subsequently  discussed. 

Power  system  and  electronic  fault  currents  may  reach  a  few  thousand  amperes 
(28  volts  dc  /  28  milliohms  *  1000  A),  while  RF  current  density  may  reach  a 
few  tens  of  amperes  per  meter  (10,000  volts/meter  /  3/7  ohms  =  26.5  A/M). 

The  effects  of  these  latter  currents  depend  upon  how  much  structure  is  in 
their  path.  Lightning  and  electric  circuit  faults  act  upon  a  small  point  of 
contact,  hence  could  damage  the  structure  at  entry  points.  The  RF  currents 
are  not  likely  to  result  in  structural  damage  but  could  cause  a  functional 
disruption  of  the  analog  circuits  and  possibly  of  digital  electronic 
circuits  as  well. 

LIGHTNING  ENVIRONMENT. 

Interaction  and  Coupling  to  Aircraft.  It  is  not  possible  to  precisely 
quantify  the  lightning  environment  during  any  particular  strike  to  an 
aircraft  in  flight.  Lightning  environments  have  varying  intensity  and 
duration  because  of  the  several  different  physical  processes  involved. 

During  a  storm,  air  convection  currents  cause  charge  centers  to  build-up 

within  clouds.  Because  of  mutual  capacitance,  the  potential  between  these 

centers  increases,  and  will  eventually  break  down  a  portion  of  the  air  path 

between  them  and  redistribute  the  charges.  Once  begun,  the  breakdown 

process  proceeds  in  steps  of  the  leader  growth,  shown  in  Figure  3,  until  a 

source  of  opposite  charge,  such  as  the  ground  or  another  cloud,  is  connected 

by  the  leader  path  and  discharges  the  leader.  The  discharge  path  between 

charges  then  supports  one  or  more  high  level  return  pulses,  until  the 

charges  are  neutralized.  The  number  of  pulses  and  the  levels  of  current 

depend  upon  many  factors  including  the  storm  intensity,  the  charge  levels  in 

the  cloud  before  the  leader  path  to  ground  is  completed,  and  the  height  of 

the  cloud  base  above  ground.  These  factors  are  variable  and  more  than  an 

order  of  magnitude  difference  may  occur  between  the  currents  of  successive  strikes. 
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It  is  generally  accepted  that  the  presence  of  an  aircraft  may  trigger  the 
leader  discharge  process  between  charge  centers  by  disrupting  the  leader  path. 
Recent  flight  experience  by  the  FAA  and  AFWAL  in-flight  program  using  a  CV580 
to  intercept  lightning  strikes  indicates  leader  growth  out  of  the  wing  of  the 
test  aircraft.  When  the  aircraft  is  part  of  a  leader  not  much  current  flows. 
The  major  effect  occurs  when  the  path  is  complete  to  the  opposite  charge 
center,  and  the  return  current  passes  through  the  aircraft.  This  leader 
growth  happens  in  a  short  interval,  the  rate  of  growth  being  about  50 
meters/microsecond.  The  seemingly  long  duration  of  a  lightning  strike  is  due 
to  the  many  retui n  strokes,  i.e.  restrikes  that  follow  the  same  heated  path, 
and  lastly,  the  visual  effect  that  persists  for  some  time  after  the  discharge 
is  over. 

A  typical  lightning  "flash"  consists  of  20-200  current  pulses  over  a  one 
to  two  second  interval.  Each  pulse  may  have  somewhat  different  levels  of 
current  and  waveform  parameters.  Because  the  aircraft  is  moving,  the  "flash" 
will  sweep  aft  from  an  initial  attachment  point,  all  the  while  reattaching  to 
spots  along  the  line  of  flight  aft  from  the  original  point  of  attachment.  A 
portion  of  the  current  will  enter  the  aircraft  at  several  points  along  the 
path  from  the  initial  and  swept  attachment  points.  If  the  attachment  is  a 
trailing  edge  surface,  then  the  current  will  hang  on  at  this  initial  point  and 
flow  through  there  for  the  entire  flash. 


FIGURE  3.  LIGHTNING  FLASH  STRIKING  AN  AIRCRAFT 


.  Since  different  parts  of  an 
of  current,  a  standard  definition 
has  evolved  defining  the  levels  of  current  applicable  to  different  /.one a  of 
the  aircraft.  The  Society  of  Automotive  Engineers  t.  \E)  Committee,  SAE-AE4L, 
has  established  generally  accepted  definitions  of  the  ,>oss;ble  strike  zones 
as  follows: 

Zone  IA:  Initial  Attachment  Point  with  low  probability  of 

flash  hang  on,  such  as  a  leading  edge. 

Zone  18:  Initial  Attachment  Point  with  high  probability  of 

flash  hang  on,  such  as  a  trailing  edge. 

Zone  2A:  A  swept  stroke  zone  with  a  low  probability  of  flash 

hang  on,  such  as  a  wing  mid  span. 

Zone  2B:  A  sweat  stroke  zone  with  high  probability  of  flash 

hang  on,  such  as  wing  inboard  trail  in*’  edge. 

Zone  3:  This  zone  includes  the  remainder  of  the  vehicle  that 

is  not  covered  by  Zone  )  and  Zone  2.  In  Zone  3,  there 
is  a  low  probability  of  any  attachment  of  the  direct 
lightning  flash  arc.  Zone  3  areas  may  carry  large  amounts 
of  electric  current,  but  only  as  a  result  of  conduction 
between  pairs  of  direct  or  swept  stroke  attachment  points. 

The  location  of  strike  zones  is  well  established  for  current  aircraft 
configurations,  but  if  the  configuration  differs  much  from  today's  aircraft, 
locating  the  lightning  strike  zones  may  require  careful  interpretation  of  the 
particular  geometry  to  determine  the  location  and  extent  of  the  areas  where 
lightning  may  attach,  sweep,  and  hang-on. 

The  SAE-AE4I.  committee  lias  also  established  the  current  levels  to  be 
expected  in  each  of  the  strike  zones  to  be  used  for  test  or  certification 
purposes.  An  idealized  representat ion  of  these  defined  current  components  for 
a  complete  flash  is  shown  In  Figure  4. 

Structural  Matarlala  Effect  on  Strike  Zone3.  An  AF  study  by  Grumman 
Aircraft  Company  Investigated the  strike  attachment  zones  for  an  advanced 
fighter  configuration.  A  scale  model  of  the  aircraft  was  used  having 
replaceable  panels  for  portions  of  the  skin.  The  panels  were  made  from 
aluminum,  graphite  epoxy,  and  kevlar.  The  study  concluded  that  there  is  no 
essential  difference  between  the  strike  zones  for  panels  of  graphite  epoxy 
and  aLuminura.  However,  there  is  considerable  difference  for  kevlar  panels. 
Kevlar  is  a  non-conductor,  hence  a  Lightning  arc  will  jump  over  or  along  the 
surface  rather  than  attach  to  kevlar. 

Other  studies  have  shown  that  the  lightning  arc  will  punch  through  kevlar 
to  reach  metal  portions  under  kevlar  skin  panels.  This  is  also  reported  to  be 
the  case  for  radoraes  used  to  cover  nose-mounted  radar  equipment.  Lightning 
will  readily  puncture  a  radome  to  reach  metallic  portions  of  an  all-metal 
aircraft.  These  items  are  described  in  the  report  by  Fisher  and  Pluraer 
(Reference  4). 


Standard  Aircraft  Lightning  Environment 
aircraft  must  tolerate  different  levels 
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1 

— <5X  I0  J  sec-*- 

*  0.25  sec  <  T  <  1  sec 

Time  (nol  to  scale) 


COMPONENT  A  (Initial  Stroke) 

Peak  amplitude  ■  200kA  +_  102 
Action  Integral  -  2  x  lO^A^’s  +_  202 
Time  duration  <  500  ms 


COMPONENT  C  (Continuing  Current) 
Charge  transfer  «  200  Coulombs  +_  202 
Amplitude  •  200-800A 


COMPONENT  B  (Intermediate  Current) 
Maxlnure  charge  transfer  *  10  Coulombs 
Average  amplitude  *  2kA  102 


COMPONENT  l)  (Restrike) 

Peak  amplitude  “  lOOkA  +  102 
Action  integral  *  0.25  x  10^Az,s+202 
Time  duration  <  500  ms 


CURRENT 
Rate  of  Rise 


CURRENT  WAVEFORM  E 
Peak  amplitude  >  50kA 
Rate  of  rise  >  251A/m» 
for  at  least  O.Sfis 


K  IGURK  4.  PRESENT  SAE-4L  RECOMMENUEO  LIGHTNING  CURRENT  TEST  WAVEFORMS 
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LIGHTNING  EFFECTS  ON  AIRCRAFT  SYSTEMS . 

Range  of  Lightning  Effects.  The  range  o£  possi;  ri i  cm 

lightning  strikes  to  aircraft  in  flight,  shown  in  Figure  5,  arises  from  two 
main  factors: 

o  direct  effects  --  physical  damage  from  arcing  and  sparking  and, 

o  indirect  effects  --  disruption  of  the  electronic/elec'  ical  systems 
from  electrical  transients  in  the  wiring  and  structural  elements. 

Direct  effects  result  from  direct  action  of  the  lightning  arc  in  the  form 
of  arcing  and  sparking  on  the  aircraft,  hence  the  term  "direct  effects." 
Evidence  of  this  is  seen  as  gross  damage  from  the  action  of  the  arc  on  the 
materials.  Protection  against  direct  effects  must  come  from  the  structure  or 
protective  diverters  which  prevent  the  currents  from  flowing  into  the 
sensitive  areas.  Damage  may  also  occur  from  indirect  effects  that  damage 
components  or  disrupt  the  software  operations  of  electrical  and  electronic 
systems.  Indirect  effects  are  generally  more  subtle  than  direct  effects. 

This  is  because  the  physical  damage  from  indirect  effects  is  not  easily  seen. 
Indirect  effects  are  caused  by  the  transient  voltages  and  currents  that  are 
induced  into  the  wiring  as  a  result  of  the  lightning  arc  and  associated 
electromagnetic  fields  on  the  aircraft  structure. 

Indirect  Effects  Coupling  Mechanisms.  The  mechanism  for  coupling  of  the 
external  currents  and  EM  fields  into  the  wiring  is  by  electric  and  magnetic 
induction  and  resistive  drops.  When  lightning  currents  flow  in  the 
structure,  electric  and  magnetic  (EM)  fields  build  up  and  change  rapidly  in 
accordance  with  the  lightning  current  pulses.  Some  of  these  EM  fields  will 
leak  into  the  internal  portions  of  the  aircraft  through  openings  in  the 
structure  such  as  windows,  radomes,  access  panels  and  doors.  Electrical 
imperfections  such  as  joints,  gaps,  and  holes  also  allow  the  entry  of  some 
EM  fields.  In  addition  to  the  EM  fields  coupling,  there  may  be  resistive 
voltage  drops  in  the  structure  as  lightning  currents  flow.  Currents  may 
also  flow  inside  the  structure  as  a  result  of  structural  interconnections 
which  can  affect  the  internal  EM  environments. 

Voltages  are  coupled  into  aircraft  wiring  in  several  ways.  If  part 
of  a  circuit  connecting  electronic  equipment  connects  to  structure,  there  will 
be  a  voltage  difference  between  the  wires  and  the  structure.  Voltages  are 
also  coupled  between  wires  by  electric  and  magnetic  induction,  even  if  the 
wires  are  not  connected  to  structure.  The  effects  of  induction  depend  upon 
the  time  rates  of  change  of  the  lightning  currents  and  EM  fields.  Since  the 
total  structural  voltage  drops  depend  upon  both  the  inductive  and  resistive 
terms,  voltages  In  the  wiring  depend  upon  the  lightning  current  time  rate  of 
change  as  well  as  the  peak  current  values. 

For  an  aircraft  made  of  aluminum,  the  coupled  voltages  are  rarely 
important  except  when  the  lightning  current  flows  through  joints  and  hinges. 
However,  the  resistance  of  advanced  structural  materials  such  as  graphite 
epoxy  and  exotic  aluminum  alloys  is  many  times  that  of  aluminum.  Voltages  of 
a  few  tenths  of  a  volt  have  no  effect  in  an  aluminum  structure.  Voltages 
that  are  larger  by  a  factor  of  several  hundred  to  a  thousand  times  than  those 
for  aluminum  because  of  the  much  lower  conductivity  of  the  composite  materials 
can  become  very  serious. 
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EFFECT 

CAUSE 

CRITICALITY 

Flight  Control 
Disruption 

Low  Tolerance  to  Electrical  Transients  Caused  by 
Indirect  Liahtnina  or  Static  Electrification  Effects. 

May  Simultaneously  Affect  Parallel  Redundant 

Systems. 

Minor  to 

Catastrophic 

Fuel  Tank  Fire 
or  Explosion 

Fuel  Vapor  Ignition  may  be  Caused  by  Static 

Electricity  or  Lightning  Direct  Effects  on  Structure. 
Fuel  Gaging  and  Flow  Management  Electrical/ 
Electronics  may  Spark  from  Indirect  Effects. 

Minor  to 

Catastrophic 

Loss  of  Engine 

Power 

Possible  Direct  Effects  may  be  Caused  by  Acoustic 
Shock  at  Enaine  Inlet,  or  Loss  mav  be  Due  to  Indirect 
Effects  or  Electrical  Transients  on  Engine  Controls. 

Minor  to 

Catastrophic 

Radome,  Canopy,  & 
Windshield  Damage 

Direct  Effects  of  Lightning  Strikes  and  Arc  Discharge 
may  be  Caused  by  Static  Electricity  Buildup. 

Minor  to 

Catastrophic 

Instrumentation 

Indirect  Transient  Effects  may  be  Caused  by  Static 

Minor  to 

Problems/ 
Communications, 
Navigation  & 

Landing  System 
Interference 

Electricity  Buildup  and  Nearby  or  Attached  Lightning 
Strikes. 

Catastrophic 

Structural  Damage 

Direct  Effects  of  Lightning  Attachment  to  Aircraft 
may  Damage  Aircraft  Structure. 

Minor  to 

Catastrophic 

Physiological 

Effects  on  Crew 

Flash  Blindness  &  Distracting  Electrical  Shock  may 
be  caused  bv  the  Direct  Effects  of  Nearbv  or  Attached 
Lightning  Strikes. 

Minor  to 

Catastrophic 

Inadvertent 
Deployment  of 
Landing  Gear  or 
Control  Surfaces 

Premature  Activation  may  be  Caused  by  Indirect 
Effects  of  Lightning  or  Static  Electricity  Buildup  in 
Electrical  /  Electronic  Systems. 

Serious  to 
Catastrophic 

FIGURE  5. 


RANGE  OB  POSSIBLE  EFFECTS 


FROM  LIGHTNING  STRIKES 
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Direct  Effects  on  Non- Metallic  Structures.  The  most  important  direct 
effect  of  lightning  strikes  is  the  possible  arcing  &  sparking  in  fuel  areas. 
Other  important  direct  effects  include  deeper  pitting  and  burning  than 
occurs  in  aluminum  structural  materials  of  the  same  strength.  Also 
fastening  and  joining  methods  require  more  attention  and  designs  are  now 
becoming  available  to  provide  adequate  protection  against  lightning  strikes. 

For  reasons  discussed  in  later  subsections,  direct  effects  protection 
design  requires  more  test  and  analysis  for  composite  materials  than  for 
metallic  materials.  For  example,  it  is  usually  assumed,  in  the  design  of 
lightning  protection,  that  if  an  electrically  conductive  fastener  is  located 
in  an  attachment  zone  having  a  high  probability  of  hang- on,  lightning  will 
attach  to  the  fastener.  Because  of  the  currents  in  the  strike  zone 
definitions,  the  direct  attachment  to  a  fastener  in  a  zone  1A,  IB,  or  2B 
represents  a  severe  worst  case  for  any  lightning  strike.  Although  this  is  not 
overly  severe  in  aluminum  structures,  it  is  presently  not  possible  to  develop 
a  fastener  to  join  advanced  composite  materials  capable  of  carrying  the  full 
lightning  current  without  seriously  weakening  the  fastener.  Current  composite 
aircraft  designs  depend  upon  not  having  fasteners  in  critical  parts  of  zone  1 
and  2.  Where  fasteners  are  used,  a  repair  procedure  may  be  necessary  for 
lightning  strike  damage. 

Painted  metal  surfaces  have  longer  hang-on  times  for  swept  strokes 
than  do  unpainted  metal  surfaces.  These  longer  dwell  times  will  cause  deeper 
burning  and  additional  metal  is  required  for  painted  metal  skins  on  wet  wing 
aircraft . 

Composite  materials  have  various  resin  binders  that  burn  and  affect  the 
dwell  time  for  swept  strokes.  Hence  the  thickness  of  composite  materials 
required  for  structural  integrity  protection  against  lightning  strikes  will 
depend  upon  the  materials  makeup  as  well  as  the  fibers.  It  is  expected  that 
different  materials  of  the  same  physical  strength  will  behave  differently  when 
struck  by  lightning. 

The  electrical  properties  of  joints  and  fasteners  are  as  important  as 
the  properties  of  the  underlying  structural  material  in  determining  the 
strength  of  members  following  lightning  strikes.  Although  it  is  possible  to 
make  a  perfect  joint  -  one  that  doesn't  add  to  the  resistance  of  the  basic 
materials  that  are  being  joined  -  they  usually  do  add  to  the  resistance.  The 
concentration  of  current  flow  around  fasteners  usually  causes  local  heating 
that  weakens  the  joint  before  the  bulk  material  being  joined  fails  from  over 
heating.  These  failures  are  usually  evidenced  by  sparks  that  shower  from  the 
fastener  area. 

Indirect  Effects  On  Non-Metalllc  Structures.  The  most  important  adverse 
feature  of  graphite  and  metal  matrix  materials  is  their  lower  conductivity. 

The  conductivity  factor,  compared  with  aluminum,  is  10  times  less  for  metal 
matrix  and  1000  times  less  for  graphite  epoxy.  Lower  conductivity  means 
higher  voltage  drops  in  these  structures  than  for  a  metal  structure.  Thus 
the  voltage  drop  in  a  length  of  structure  will  be  increased  for  the  same 
level  of  lightning  current.  Because  of  the  higher  voltage  drop,  higher 
levels  of  currents  will  flow  in  any  metallic  paths  such  as  plumbing  and 
wiring  inside  an  aircraft  structure  made  from  non-metallic  materials. 
Additionally,  any  external  electromagnetic  fields  will  be  attenuated  less  by 
a  composite  structure.  For  direct  and  nearby  strikes,  the  internal  EM 
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fields  will  be  at  higher  levels  than  for  an  aluminum  aircraft.  The  exact 
difference  in  internal  EM  fields  depends  on  the  number  of  joints  and 
openings,  thickness  of  material,  frequency  range  of  the  external  EM  fields, 
and  the  shape  of  the  structure.  The  Atmospheric  Electricity  Hazards 
Protection  (AEHP)  program  studies  on  an  advanced  composite  (gr/ep)  structure 
F-16  fuselage  showed  that  the  shielding  was  15  dB  for  lightning  pulses.  It  is 
estimated  that  a  similar  aluminium  structure  would  have  provided  30-40  dB  of 
shielding,  the  limitation  being  primarily  due  to  the  number  and  size  of  openings. 

In  structures  made  from  non-conductors,  there  is  no  EM  shielding.  This  is 
also  true  for  materials  having  very  few  conducting  wires  embedded  into  a  non¬ 
conducting  material  such  as  Thorstrand  kevlar.  Although  these  materials  can 
provide  suitable  protection  against  direct  effects,  there  will  be  little  or  no 
improvement  against  indirect  effects.  This  is  because  the  magnetic  shielding 
effectiveness  of  low  loss  factor  metals,  such  as  aluminum,  is  primarily  due  to 
currents  flowing  in  the  material  that  generate  EM  fields  which  tend  to  cancel 
the  incident  fields.  Electric  field  shielding  is  primarily  due  to  an 
equipotential  plane  established  by  high  conductivity  metals.  There  are  too 
few  wires  and  too  little  metal  in  a  material  like  Thorstrand  to  provide  an 
effective  shield  against  EM  fields  from  nearby  lightning  or  RF  sources,  such 
as  airport  radio  and  radar  transmitters. 

STRUCTURAL  GROUNDING  AND  BONDING. 

Present  2,5  Milliohm  Requirement.  The  present  specification  MIL-B-5087 
for  military  systems  calls  for  a  2.5  milliohm  resistance  between  units  of 
electronic  equipment.  This  specification  is  not  difficult  to  meet  for 
aluminum  structures.  The  resistance  requirement  was  established  early  on  by 
the  Electromagnetic  Compatibility  (EMC)  community  to  assure  that  potential 
interference  sources  in  different  equipment  would  be  isolated  from  sensitive 
electronics.  The  basis  for  the  number  chosen  was  one  of  engineering 
judgement.  If  the  resistance  was  zero,  there  would  be  no  interference.  The 
value  of  a  few  milliohms  is  not  too  stringent  a  requirement  for  aluminum 
structures  where  subelements  (fasteners,  racks,  etc.)  typically  have  tenths 
of  a  milliohm  resistance. 

Grounding  and  bonding  specifications  have  been  evaluated  over  the  years 
through  in-service  experience  and  laboratory  testing  in  equipment 
qualification.  For  the  most  part,  aluminum  and  titanium  alloys  present  no 
major  difficulties  in  meeting  the  2.5  milliohm  specification.  Maintaining 
adequate  conductivity  throughout  an  airframe  has  been  a  problem  only  when  good 
contact  between  mating  parts  could  not  be  maintained.  Breaks  in  conduction 
paths  are  necessary  at  doors,  hinges  and  control  surfaces;  control  of 
corrosion  often  requires  a  non -conductive  coating  on  a  part.  Where 
interruptions  in  the  grounding  path  occur,  bonding  requirements  are  met  by 
reestablishing  the  conduction  path  using  a  metal  jumper  or  strap. 

Although  the  present  specification  provides  good  in-service  experience, 
there  is  no  general  factor  or  body  of  experience  that  indicates  the  value  of 
2.5  milliohm  could  not  be  raised.  It  is  particularly  convenient  to  use  the 
2.5  milliohm  value  for  assessment  of  system  protection  against  lightning,  for 
if  200,000  amp  peak  value  current  pulse  flows  in  a  2.5  milliohm  resistor  then 
the  maximum  voltage  drop  will  be  500  volts.  If  every  bond  has  less  than  2.5 
milliohm  resistance,  then  no  end-to-end  validation  testing  is  necessary 
providing  each  unit  of  equipment  will  withstand  500  volts. 
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Requirements  for  Grounding  and  Bonding.  Requirements  for  direct  effects 
protection  require  that  the  grounding  and  bonding  system  be  spark  free  in 
fuel  areas,  and  that  load  bearing  elements  are  not  seriously  degraded  upon 
experiencing  a  lightning  strike.  Meeting  these  requirements  requires  an 
experimental  approach. 

Requirements  for  indirect  effects  protection  of  electrical/electronic 
systems  against  lightning  strikes  depend  upon  the  meeting  of  operational 
requirements  on  the  equipment.  The  need  for  adequate  grounding  and  bonding  is 
well  established  by  operational  experience.  For  example,  aircraft  having  poor 
grounding  and  bonding  (i.e.  ,  poor  or  no  electrical  conduction  throughout  the 
structure  and  wiring)  may  be  subject  to  operational  hazards  varying  from  major 
to  minor.  When  different  parts  of  the  aircraft  and  wiring  are  not 
electrically  connected,  differences  in  potential  can  build  up  between  them. 
Since  the  ultimate  breakdown  potential  of  air  reduces  with  altitude,  corona  or 
sparks  may  occur.  Furthermore,  fuses  or  circuit  breakers  to  protect  against 
shorts  in  equipment  and  wiring  may  not  open  properly.  These  factors  lead  to 
the  following: 

o  Fuel  explosion  hazards  from  sparking  in  fuel  gauges  and  wiring, 
o  Static  discharges  that  may  rupture  windows  (dielectric), 
o  Personnel  electric  shock  hazards, 
o  Electronic  equipment  damage  -  burn  out. 
o  Electrical/electronic  systems  malfunctions, 
o  Excessive  radio  noise  when  communicating  with  airport 
or  other  aircraft. 

The  electrical  function  of  a  bonding  and  grounding  system  for  protection 
of  electronic  and  electrical  equipment  is  to  provide  a  low  impedance  ground 
path  for  current  flow.  Table  1  indicates  the  current  levels  that  may  be 
expected . 

The  path  impedance  should  be  low  enough  that  these  interference  sources 
will  not  produce  a  high  voltage  value  that  can  disrupt  equipment  functions. 
Electrical/electronic  equipment  can  be  made  to  tolerate  voltage  differences 
between  units  of  a  few  volts.  Typical  values  for  equipment  tolerance  against 
transients  are  shown  in  Table  2. 

Tolerable  levels  of  ground  impedance,  based  upon  the  Tables  1  and  2 
values  are  shown  in  Table  3.  These  data  indicate  that  the  range  of  acceptable 
ground  impedance  values  depends  upon  the  source  of  interference  and  the  degree 
of  protection  built  into  the  installation  and  equipment.  Equipment  containing 
large  scale  integrated  circuits  can  be  designed  and  built  to  withstand  600 
volt  potential  differences.  This  level  of  protection  requires  balanced 
circuits,  high  impedance  input  networks,  and  twisted  pair  wiring.  More 
typical  circuitry  can  withstand  10  volts  between  units  by  using  balanced 
circuits.  Single  ended  digital  circuits  can  only  tolerate  a  few  volts  between 
units  for  Transistor-Transistor  Logic  (TTL)  circuits  that  operate  with  5  volt 
logic  levels. 
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TABLE  1 


GROUND  SYSTEM  CURRENTS  FROM  A  VARIETY  OF  EM  SOURCES 


CURRENT  SOURCE 

RANGE  OF  CURRENT 

1 .  Lightning  currents,  broad  band  pulses. 

20  KA  to  200  kA 

2  Power  systems  fault  currents, 

continuous  wave  400  Hz. 

100  A  to  1000  A 

3.  RF  current  returns  from  on  board 
transmitters  and  transponders, 
continuous  wave  HF,  VHF,  UHF,  and 
microwave. 

1  A  to  1 0  A 

4  Currents  from  nearby  sources  of 

RF  energy  such  as  radar  and  radio 
transmitters,  continuous  wave  HF, 

VHF,  UHF,  and  microwave. 

1  A  to  1 0  A 

5.  Power  currents  resulting  from 
relays,  strobe  lights,  and  other 
high  pulse  currents  devices. 

5  A  to  50  A 

6.  Digital  and  analog  signals  between 
units  of  equipment,  CW  and  Puises 

100  Hz  to  10  MHz. 

10  ma  to  5  A 
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1 .  Lightning  Pulses  (a) 

600  volts 

2.  Power  System  Faults  (b) 

10  volt 

3.  Continuous  Waves 

HF  Frequencies 

50  volts 

4.  Continuous  Waves 

VFIF  Frequencies 

100  volts 

5.  Continuous  waves 

UHF  Frequencies 

100  volts 

6.  Tracking  Radar 
(Sweep  Frequency) 

10  volts 

NOTES’  a  Specially  protected  against  lightning  by 
oalanced  signal:  ingh  impedance,  and 
twisted  pair  circuits. 

b  Circuits  unprotected  except  balanced  signals, 
twisted  pair  wiring. 

LAP  LE 

Tv.LERABLF  LEVELS  FOP  GROUND  IMPEDANCE  IMPLIED  BY 


TABLE  :  AND  TABLE  / 

VALUES 

1 .  Lightning  Pulses 

3  to  30  milliohm 

2.  Power  System  Faults  400  Hz 

10  to  100  milliohm 

3.  Continuous  Waves  HF 

5  to  50  ohms 

4.  Continuous  Waves  VHF 

10  to  100  ohms 

5.  Continuous  Waves  UHF 

10  to  100  ohms 

6.  Tracking  radar 

(Sweep  Frequency) 

0.1  to  1  ohm 

7.  Power  Currents  From  Onboard 
Pulsed  Current  Devices 

20  to  200  milliohm 

8.  Digital  and  Analog  Signals 

0.2  to  100  ohms 

I  f) 


SECTION  II  -  TEST  METHODS  EVALUATION 


APPROACH. 

The  objective  of  this  task  is  to  evaluate  the  existing  test  methods  for 
determining  bonding  and  grounding  parameters  for  metal,  metal  honeycomb,  and 
advanced  composite  aircraft  structures. 

The  approach  involved  the  following  activities  described  as  follows: 

1.  Identify  the  test  methods  for  determining  electrical  characteristics  of 
structural  elements  and  assemblies  appropriate  for  lightning,  static 
electrification,  and  RF  environments,  specifically  those  for: 

a.  bulk  material  properties 

b.  coating  properties 

c.  joint  properties 

d.  bonding  properties 

e.  grounding  properties 

2.  Evaluate  the  methods  for  applicability  to  the  bonding  and  grounding  tests 
needed  to  characterize  advanced  technology  aircraft  structural  materials. 

This  evaluation  included  the  following  factors: 

a.  Accuracy  of  the  data  achievable  by  the  method. 

b.  Accuracy  of  extrapolating  the  measurements  to 

lightning  threat  environments. 

c.  Do  the  test  methods  yield  basic  parameters  that 
can  be  extrapolated  to  full  scale  structures  and 
the  localized  threat  environments? 

d.  Do  the  test  methods  yield  data  on  threshold  current 
and  breakdown  voltage? 

e.  Can  the  test  data  be  used  with  the  localized  threat 
environments  to  establish  a  margin  of  safety  against 
sparking,  indirect  effects  transients  or  RF 
current  return  from  antennas? 

There  is  a  large  base  of  research  and  test  data  to  draw  upon  for  this 
task.  Numerous  technical  conferences  have  been  held  on  the  topic  of  bonding 
and  grounding,  such  as,  the  ones  identified  in  Appendix  A  (References  1,8-10). 
These  documents  and  the  more  specialized  research  reports  on  composite 
structures  (References  19,  21,  22,  23  and  26)  provided  the  bulk  of  the  needed 
data.  The  remaining  information  presented  is  from  technical  notes  compiled  by 
the  principal  investigators  and  from  their  knowledge  of  EMI/lightning  test 
technology . 

There  are  many  examples  that  could  be  quoted  from  the  Appendix  A 
references  where  the  bonding  and  grounding  systems  and  data  are  compatible. 

The  documentation  from  the  AEHP  program,  such  as  Reference  27,  is  also 
available  for  this  program.  Two  available  reports  have  been  chosen  as  most 
useful.  A  recent  NASA  research  report  by  A.  Plumer  (Reference  19)  contains 
the  most  complete  description  of  the  test  samples,  conf igurations  of 
subelements  and  a  complete  wing  structure  as  well.  The  NASA  data  is  the  best 
available  for  these  studies  without  additional  extensive  testing  and 
structural  test  bed  development  --  much  beyond  the  scope  of  this  report.  The 
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second  source  of  data  Is  documented  in  an  older  NAS1  research  report  by 
R. Force,  et  al  (Reference  22);  tnis  report  cm,  lii  .  onsiderable  data  on  small 
samples  of  composite  materials  including  joim  .  non. ling  and  grounding.  These 
two  documents  were  complete  enough  that  the  test  setup,  structural  samples, 
and  data  are  easy  to  correlate  so  that  additional  test ing  was  not  needed. 

The  NASA  research  (Reference  19)  provides  a  complete  link  from  the 
external  structure  to  subelements  and  to  the  linear  and  nonlinear  tests  on  the 
subelements.  This  work  was  intended  to  provide  design  guidance  for  general 
aviation  aircraft.  Two  full  scale  aircraft  were  used  as  test  beds  --  a  bonded 
aluminum  structure  and  a  graphite  epoxy  structure.  Extensive  tests  were  done 
in  support  of  the  design  and  results  are  reported  in  considerable  detail.  The 
subelement  samples  tested,  described  in  Table  4,  cover  the  full  range  of 
bonded  metal  and  graphite  structures.  Figure  6  is  presented  to  show  the 
subelement  definition.  Full  scale  lightning  simulation  tests  were  „lso 
performed  on  the  wings  of  the  two  aircraft.  These  tests  allow  correlation  of 
the  external  environments  to  the  subelements,  the  tec  configurations  are 
shown  in  Figure  7. 

Prior  NASC  research  (Reference  22)  also  has  important  data  to  contribute. 
The  research  was  directed  to  developing  basic  data  for  assessment  of  the 
electromagnetic  problems  that  would  be  encountered  in  applving  composites  to 
aircraft.  Small  samples  were  fabricated  for  joints  and  panels  of  graphite 
epoxy.  The  samples  were  tested  for  electrical  and  mechanical  properties, 
including  lightning,  static  electrification,  power  faults,  and  F.M  shielding 
effectiveness.  This  data  is  very  useful  for  power  and  grounding 
considerations . 

TEST  REQUIREMENTS. 

The  requirements  for  grounding  and  bonding  test  data  govern  the  selection 
of  screening  test  candidates.  Data  is  required  to  determine  the  allowable 
levels  of  current  that  samples  can  withstand  without  arcing  and  parking. 

Data  is  also  required  on  the  current  distribution  in  a  complete  vehicle  if  it 
can  not  be  assured  that  the  entire  current  may  safely  flow  in  a  single 
structural  element  (joint,  bond,  or  basic  structural  skin). 

The  approach  to  assessing  a  design  for  lightning  protection  requires  a 
comparison  of  the  lightning  current  with  the  maximum  allowable  EM  strength 
(current  or  voltage),  and  is  shown  in  Figure  8.  This  figure  indicates  how 
the  vehicle  is  divided  into  portions  or  coupons,  and  then  a  comparison  is  made 
between  the  allowable  stress  on  the  portions  of  the  vehicle  (coupons)  and  the 
expected  stress  on  the  locations  corresponding  to  the  coupons.  The  expected 
stress  is  determined  from  tests  and  analysis  of  the  distribution  of  severe 
lightning  currents  on  the  full  vehicle.  Allowables  for  the  coupons  are 
determined  from  laboratory  tests  and  analysis  using  lightning  current 
simulators. 

Grounding  and  bonding  tests  should  be  designed  so  that  accurate  data  may 
be  obtained  by  different  investigators  using  the  method,  drawing  the  same 
conclusions  about  safety  of  the  design  when  subjected  to  lightning  currents. 

A  recommended  breakdown  of  the  test  articles  into  specific  portions 
of  an  aircraft  is  in  Table  5. 
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TABLE  4 


SUBELEMENT  SPECIMENS  TESTED  BY  NASA  (REFERENCE  19) 


Adhesively  Bonded  Aluminum: 

Bonded  aluminum  lap  joint  specimens: 

-  with  varied  adhesives 

-  with  varied  bond  line  thicknesses 

Bonded  aluminum  lap  joint  specimens: 

-  with  one  rivet 

Bonded  aluminum  fuel  line  brackets 
Bonded  aluminum  honeycomb  panels 


Hardware  Interfaces  With  Metals: 

Access  doors  riveted,  fastened,  or  bonded  and  fastened 


Adhesively  Bonded  ar/ep; 

Bonded  gr/ep  lap  joint  specimens: 

-  with  varied  adhesives 

-  with  varied  bond  line  thicknesses 

Bonded  gr/ep  lap  joint  specimens: 

-  with  one  rivet 

Bonded  gr/ep  stiffeners 


Metal-to-or/ep  Interfaces: 

Rivets  in  gr/ep  laminates: 

-  covered  with  fuel  tank  sealant 

-  uncovered 

Access  door  dome  nuts  in  gr/ep  laminates 
Fuel  line  feed-through  elbows  in  gr/ep  laminates 


‘  .1* 


19 


FIGURE  f>.  GR/EP  WING  INTERIOP  VT~' 


LIGHTNING  CURRENT 


3  mH 


specimen 

VOLTAGE  BREAKDOWN 


FIGURE  7.  TEST  CONE  IWJkAi'  GJNS 
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FIGURE  8.  DESIGN  FLOW  DIAGRAM 


TABLE  5 


TEST  ARTICLE  RECOMMENDATIONS 


TEST  ARTICLE 

DIRECT  EFFECTS 

INDIRECT  EFFECTS 

Complete  vehicle 

Not  Required 

May  be  performed  on 
small  vehicles  rather 
than  coupons  or 
subassemblies. 

Test  required  to 
validate  key  assump¬ 
tions  on  EM  coupling 

Subassemblies 

May  be  substituted 
for  coupon  tests 

May  be  substituted  for 
full  vehicle  to  validate 
assumptions  on  EM 
coupling 

Subelements 

coupons 

Recommended  for 
determining  allowable 
currents  voltages 

Needed  to  determine 
parameters  of 
materials 

TEST  METHODS  REVIEW. 

A  summary  of  the  existing  test  methods  identified  during  the  review  of 
available  literature  on  grounding  and  bonding  test  methods,  is  shown  in 
Figure  9,  where  the  range  of  applicability  is  indicated  for  various  structural 
sample  sizes  from  small  flat  sections  through  cylindrical  sections,  structural 
elements,  subassemblies  and  full  vehicles.  Two  different  test  types  are 
described : 


a.  tests  for  determining  the  basic  electrical  properties  of  bulk 
materials,  bonds  and  joints; 

b.  tests  for  breakdown  effects  such  as  voltage 
breakdown  and  sparking  thresholds. 


Bulk  Properties.  Bulk  electrical  properties  of  materials  (resistivity  or 
conductivity)  are  measured  directly  using  a  small  sample  of  the  material. 
These  measurements  can  be  made  at  dc  or  a  low  ac  frequency  (1000  Hz).  Several 
instruments  are  available  for  both  ranges  of  frequency.  Measurements  of  bulk 
electrical  parameters  of  graphite  and  other  conducting  fibers  embedded  in  any 
cured  resin  material  are  complicated  by  a  directional  conduction  in  the  gr/ep 
composite.  This  is  due  to  poor  or  zero  conduction  in  the  resin  materials. 
Common  epoxy  has  1/100,000,000  the  conductivity  of  graphite.  Hence  the 
conduction  of  the  composite  material  is  entirely  due  to  the  graphite  fibers. 
This  results  in  a  unidirectional  conduction  along  the  graphite  fibers  in 


PURPOSE 


TEST 

JOINTS 

BONDS 

GROUNDING 

COATINGS 

Four  Point  Resistance 
Conductivity  Flat 
Samples 

X 

X 

X 

TEM  Cell-Flat 
Samples 

X 

X 

X 

Coaxial  Cylinder 
Samples 

X 

X 

X 

X 

Ouadrax-Flat 

Samples 

X 

X 

X 

X 

Cylinder-Cir.  Joints 

X 

X 

X 

X 

X 

Sparking  Thresholds 
Subelements 

X 

X 

Breakdown  Voltage 
Subelements 

X 

X 

Structure-Resistance 

X 

X 

X 

RF  Current  Return 
Impedance 

X 

Antenna  Bonding 
Resistance 

X 

Static  Charge 
Discharge 

X 

X 

High  E  Field  Corona 

X 

Full  Vehicle  Coaxial 

X 

X 

X 

X 

X 

Full  Vehicle  Shock 
Excited 

X 

X 

X 

X 

X 

FIGURE  9.  EXISTING  TEST  METHODS  COVER  A  WIDE  RANGE  OF  SAMPLES 
AND  TECHNIQUES 
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individual  layers.  The  fibers  normally  conduct  along  the  direction  of  the 
material  lay-up  and  poorly  (if  at  all)  across  the  fibers.  The  extent  of  the 
anisotropic  conductivity  depends  upon  the  pressure  applied  during  the  cure 
process.  The  differences  in  conductivity  are  very  great  for  unidirectional 
fibers  as  found  in  mats  of  material.  This  was  particularly  important  for 
early  users  of  these  materials  where  the  mats  were  the  first  available  form. 
Fortunately,  the  structural  properties  are  similarly  affected  by  the 
directional  lay-up  of  the  fibers,  being  weak  across  the  fibers,  and  single 
lays  are  rarely  used,  if  at  all.  This  is  not  as  severe  a  problem  at  present 
because  most  materials  are  now  available  in  a  woven  cloth  where  there  is 
contact  between  the  two  directions  of  the  fibers.  For  a  single  layer  of  cloth 
material,  the  resistance  is  the  same  at  a  zero  and  90  degree  orientation,  and 
71%  of  that  value  at  45  degrees.  Commonly  four  plies  are  used  at  two  different 
orientations,  45  degrees  apart  so  that  conduction  is  nearly  the  same  for  any 
edge-to-edge  measurement  in  a  sample  of  structure. 

The  following  three  bulk  parameter  measurement  methods  are  reported  in 
the  literature  and  are  briefly  described  below: 

a.  Surface  resistance. 

b.  Volume  resistance. 

c.  Edge-to-edge  resistance. 

The  apparatus  for  surface  resistivity  measurements  is  shown  in  Figure  10. 
This  measurement  is  useful  for  coatings  and  to  determine  if  the  fibers  are 
coated  with  epoxy  at  the  material  surface.  Pressure  is  applied  to  the  fixture 
to  make  a  positive  contact  with  the  material  sample.  Surface  resistance 
measurements,  reported  in  Reference  22,  depend  upon  the  applied  pressure. 

TABLE  6 

SURFACE  RESISTANCE 


Ply 

Thickness 

Resistance,  Milliobm 

Longitudinal  Fiber 
Orientation 

Transverse  Fiber 
Orientation 

With 

Epoxy 

Layer 

Without 

Epoxy 

Layer 

With 

Epoxy 

Layer 

Without 

Epoxy 

Layer 

4 

128 

73 

205 

1  50 

16 

225 

135 

337 

225 

32 

220 

290 

570 

420 

Sample  measurments  are  shown  in  Figure  11.  An  extrapolation  is  used  to  infer 
the  value  at  zero  pressure.  Table  6  summarizes  the  surface  resistance  data 
for  different  sample  thicknesses.  It  may  be  noted  from  the  Table  6  data  that 
the  surface  resistance  increases  with  sample  thickness,  counter  to  what  may  be 
expected.  This  trend  in  resistivity  is  due  to  the  additional  current  paths 
available  by  penetration  into  the  materials  deeper  layers.  This  measurement 
technique  provides  information  on  how  well  the  different  layers  make  contact. 
Thus  the  value  of  resistance  depends  upon  how  well  current  flows  in  to  the 
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TO  INSTRUMENT 
SAMPLE 


FIGURE  10. 


a 


SURFACE  PROBE 


DIMENSIONS 


APPLIED  PRESSURE 


NOTE:  EDGE  VIEW 


EXPERIMENTAL  apparatus  for  surface  resistivity  measurement 
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SURFACE  RESISTANCE,  MIUIOHMS 


PRESSURE  (PS I) 


FLGUK.E  11.  FOUR  CROSS  PLY,  LONGITUDINAL  FINER  ORIENTATION  WITH  AND  WITHOUT 
EPOXY  LAYER 
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material  from  the  surface  layer  Although  thi".  mav  an  important  test  for 
manufacturing  repeatability,  this  method  is  no1  recoii-i.  ended  for  use  to 
determine  resistance  for  the  lightning  current  paths  lor  two  reasons:  the 
lightning  current  must  flow  through  all  the  layers  of  material,  and  the 
current  is  so  large  that  provisions  are  needed  to  Mstribute  the  current  into 
the  material  at  a  point  of  contact.  For  lightning  currents,  the  main  issue  is 
the  burning  and  extent  of  the  damaged  area;  this  information  cannot  be 
determined  by  a  resistance  measurement.  Lightning  damage  at  an  attachment  or 
penetration  point  depends  upon  internal  pressures  that  build  up  from  the  rate 
of  burning  and  depth  of  penetration  of  the  current  into  the  materials. 

TABLE  7 

VOLUME  RESISTANCE  AND  RESISTIVITY 


PLY 

THICKNESS 

MEASURED  RESISTANCE 
MILLIOHM 

COMPUTED  RESISTIVITY 
MILLIOHM-M 

4 

64 

82.0 

16 

160 

51 .2 

32 

287 

45.9 

Volume  resistance  measurements  reported  in  the  literature  (Reference  22) 
used  the  setup  shown  in  Figure  12.  Volume  resistance  data,  shown  in  Table  7, 
indicates  an  increase  with  sample  thickness,  as  may  be  expected  since 

R=  p  1/A, 

where  ■  is  the  resistivity  of  the  material,  1  is  the  length  and  A  is  the 
cross  sectional  area  of  the  current  flow  which  is  proportional  to  thickness. 
However,  the  resistivity  value  computed  from  the  measurements  decreased  with 
increasing  sample  thickness.  A  volume  resistance  measurement  may  have  some 
usefulness  in  a  manufacturing  qua! ity  assurance  program  because  it  depends 
upon  the  degree  of  contact  between  successive  layers  of  the  fiber  materials. 
Measurements  of  bulk  resistivity  using  this  method  are  unreliable;  sample 
thickness  should  not  be  a  parameter  in  the  resistance  value.  This  method  is 
likewise  not  recommended  for  measuring  resistance  of  lightning  current  paths 
since  the  lightning  currents  should  not  be  allowed  to  flow  from  face  to  face 
of  a  composite  material  without  some  provisions  to  guide  the  current  into  the 
fibers  by  using  fasteners  or  metallic  conductors. 

Measurements  of  resistance  from  edge  to  edge  on  a  square  sample  may  be 
used  to  determine  reliable  values  of  resistivity  for  different  sample 
thicknesses.  Measurements  in  the  literature  (Reference  22)  used  samples 
having  a  symmetrical  lay-up  (0,+45,-45,  and  90  degree)  in  the  fiber 
orientation.  The  edge  was  trimmed  and  electrical  contact  made  between  the 
fibers  and  a  layer  of  copper  deposited  by  an  electrodeless  plating  technique. 
Silver  paint  has  also  been  used  by  others.  The  measured  data  are  consistent 
with  a  simple  resistor  model  whereby  resistivity  may  be  calculated  from  the 
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measured  resistance  using 


p  =RA / 1 

A  sec  of  data  from  Reference  22  is  shown  in  T-Me  8.  'I he  values  were 
repeatable  within  6  mill  iohms.  This  measurement  jm  is  recommended 

for  determining  bulk  material  properties  of  epoxv  fiber  materials  where  it  is 
necessary  to  have  repeatable  data  on  different  thickness  of  material.  The 
underlying  accuracy  of  this  method  is  due  to  the  conduction  n  i ng  confined  to 
the  normal  current  carrying  direction  of  the  fiber  layers  rather  than  across 
the  layers. 


Table  8 

Graphite'Epoxy  Edge  To-Edge  Resistance  Data 


Ply 

Thickness 

Resistance, 
milliohms  meacc  ed 
edqe-io  edge 

Resistivity. 

computed 

edge-to-edge 

microohm-m 

1  6 

1  62 

64.3 

CM 

CO 

65.7 

it  should  be  noted  that  the  value  of  r < 1-  i i v  i  t v  obtained  by  the  edge  to 
edge  method  is  valid  for  other  means  of  ini t lacing  current  into  the  materials, 
as  for  example  an  incident  EM  wave,  providing  the.  f  tvquency  of  the  incident 
wave  is  less  than  the  skin  depth  fiequoney  for  the  material  which  is  given 
by : 


t ' 


where  L  is  the  material  thickness,  "  is  its  conduct ivi tv, and  is  its 
permeability.  The  above  condition  assures  that,  for  frequencies  below  the 
skin  depth  frequency,  the  current  penetrates  uniform);;  into  all  the  layers 
of  the  material.  For  four  ply  graphite  epoxv  material  this  condition  i.s  met 
for  frequencies  up  to  10's  of  Megahertz 

KlectrjLcal  Bonding  and  Grounding.  Electrical  connections  to  the  structure 
are  necessary  to  assure  personnel  safety  against  electric  shock.  If  an 
equipment  enclosure  is  ungrounded  and  a  fault  occurs  in  the  power 
distribution  system,  hazardous  voltages  then  will  build  up  between  the 
structure  and  electrical  equipment.  By  grounding  the  equipment,  any  faults 
between  the  power  and  chassis  will  cause  a  short  circuit  on  the  power 
system,  rather  than  allow  the  build  up  oi  hazardous  voltages.  Tests  on  the 
bonding  connections  from  power  returns  to  the  structure  use  small  samples 
and  a  configuration  of  fasteners.  Measurements  are  made  showing  the 


temperature  rise  and  voltage  drop  in  the  fastener  for  different  fault 
currents . 

Results  presented  in  Figure  13  (from  Reference  22)  show  representative 
data  from  tests  on  a  graphite  epoxy  panel  18  x  18  inches  with  two  different 
fasteners.  The  results  of  these  tests  concluded  that  the  minimum  bond 
resistance  was  0.01  ohms  for  a  single  connection  and  0.0048  ohms  for  three 
bonds  in  parallel.  Neither  of  these  bonds  complied  with  the  requirements  of 
MIL-B-5087B  for  bonds  in  explosion  hazard  areas.  It  is  unlikely  that  the  2.5 
milliohm  specification  value  can  be  met  for  composite  material  structures. 
However,  the  intent  of  the  MIL-B-5087  specification,  i.e.  to  control  possible 
ignition  sources  in  an  explosion  hazard  area,  must  be  maintained. 

At  sufficiently  high  currents,  sparking  will  occur  at  connections 
between  metal  and  graphite  epoxy  composite  materials.  Tests  are  recommended 
to  establish  the  breakdown  limits  for  each  type  of  bonding  connection  where 
high  currents  may  flow.  These  tests  are  subsequently  described  under  the 
heading  of  joint  breakdown  tests. 

Joint  Resistance  Characteristics.  Joints  in  the  materials  composing  an  air 
vehicle  create  additional  resistance  over  that  of  the  basic  materials  in  the 
lay-up.  In  many  instances  the  resistance  of  joints  and  fasteners  will  limit 
the  amount  of  lightning  current  that  a  portion  of  structure  can  handle. 
Suitable  values  for  joint  resistance  may  be  obtained  using  low  frequency  (dc 
to  a  few  kilohertz)  methods  and  conventional  electrical  measurement  equipment. 
Low  frequency  measurements  will  provide  resistance  (R)  and  inductance  (L) 
values  for  the  joint  applicable  to  povar  frequency  and  lightning  currents. 
Samples  may  be  constructed  from  a  sample  of  the  materials  to  be  joined  and  one 
fastener.  The  sample  width  should  equal  the  fastener  spacing,  and  the  length 
two  to  three  times  the  width.  The  test  sample  should  have  the  fastener  placed 
in  the  same  position  from  the  edge  as  in  the  application.  The  geometry  of  the 
second  (joined)  panel  should  be  the  same  size  as  the  first.  Panels  joined  by 
a  backing  plate  should  also  be  tested  in  a  symmetric  manner  with  the  backing 
plate  full  width  and  the  joined  pieces  the  same  size.  The  Analytical  Models 
section  of  this  report  discusses  results  of  tests  and  analyses  on  samples 
having  these  configurations. 

Basic  electrical  resistance  properties  of  joints  may  also  be  measured 
over  a  much  wider  frequency  range  (kilohertz  to  100  Mhz).  Such  wide  band 
measurements  use  idealized  flat  or  cylindrical  samples  in  an  EM  test  cell, 
such  as  shown  in  Figure  14  for  joint  characterization  (from  Reference  22). 
Although  beyond  the  scope  of  a  grounding  and  bonding  study,  it  should  be  noted 
that  data  from  such  measurements  can  be  used  to  determine  the  electrical 
shielding  effectiveness  of  complete  portions  and  entire  vehicles.  EM 
shielding  effectiveness  is  often  an  important  consideration  when  specifying 
joint  resistance,  particularly  when  the  joints  are  located  over  EM  shielded 
electronic  equipment  bays. 

Joint  Breakdown  Characteristics.  The  electrical  breakdown  properties  of 
structural  joining  and  fastening  designs  are  important  in  determining  the 
ability  of  the  structure  to  carry  lightning  currents.  Although  it  is 
relatively  easy  for  a  riveted  aluminum  structure  to  carry  the  full  lightning 
current,  it  is  much  more  difficult,  if  not  impossible,  to  design  an  adhesively 
bonded  aluminum  or  all  -  compos ite  structure  with  this  same  current  carrying 
ability.  The  joints  and  bonds  between  structural  members  in  these  vehicles 
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FIGURE  13.  BONDING  TEST  RESULTS 
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FIGURE  14.  EXAMPLE  OF  SPECIAL  SHAPES  FOR  JOINT  CHARACTERIZATION 
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are  essentially  non-conducting  material.  Adliesivelv  bonded  structures 
typically  use  a  non-conducting  or  poorly  conduc  ing  cp-.-xy  material.  Because 
of  the  high  electrical  stress  during  a  lightning  strike  ot  electrical  power 
system  fault,  arcs  or  sparks  may  develop  in  joints  and  bonds  in  composite 
material  structures.  In  addition,  composite  material  structures  may  be 
weakened  from  the  heat  generated  where  high  current  concentrations  occur. 
Metallic  fasteners,  and  metallic  foil  or  screen  materials  must  be  installed  in 
ways  that  make  good  electrical  contact  into  the  conducting  portions  of  the 
basic  structural  materials.  The  main  technical  issue  is  designing  the  current 
path  through  the  structure  without  adding  excessive  weight.  Present  design 
approaches  utilize  the  features  of  lightning  strike  zones  to  minimize  the 
extent  of  the  structure  where  increased  conduction  is  needed.  Although  the 
structural  materials  at  the  entry  and  exit  points  of  lightning  current  must 
carry  the  full  severe  current  levels,  other  portions  of  the  structure  need 
only  carry  a  small  fraction  of  the  total  lightning  current.  Tests  are 
conducted  to  determine  the  allowable  or  breakdown  levels  of  current  or  voltage 
that  may  be  tolerated  on  the  specific  joints  and  fasti  aers  used  within  an  a 
vehicle  structure. 

Electrical  current  breakdown  tests  are  conducted  on  specially  fabricated 
specimens  of  the  structure  to  determine  the  ability  of  the  structure  to  carry 
current.  This  test  method  is  used  for  assessing  conductive  joining  and 
fastening  methods.  Lightning  related  currents  are  applied  to  the  specimens 
and  the  maximum  current  handling  capacity  is  determined,  by  stepwise  increase 
of  the  applied  current  until  failures  are  observed.  Figure  15  (from  Reference 
19)  illustrates  a  test  setup  for  this  method.  The  electrical  properties  of 
conducting  joints  depend  upon  current  concentration,  heat  generation  rates, 
thermal  conductivity,  and  pressures  that  may  build  up  in  the  joint.  Results 
of  these  tests  vary  considerably  among  samples,  depending  upon  the  coatings 
and  treatment  of  the  joint  to  control  heat  and  pressure.  An  example  of  such 
data  is  shown  in  Figure  16  taken  from  Reference  19. 

Voltage  breakdown  tests  are  conducted  on  non-conducting  or  poorly 
conducting  joints  to  determine  the  voltage  levels  where  sparks  could  occur.  A 
voltage  ramp  generator  is  applied  to  the  specimen  to  determine  the  level  where 
sparks  occur  in  the  joint.  This  limits  the  voltage  that  may  be  tolerated  on 
the  portions  of  structure  where  the  particular  joint  sample  is  utilized. 

Figure  17  (from  Reference  19)  illustrates  the  test  setup.  A  typical  result  of 
this  test  is  shown  in  Figure  18  (from  Reference  19).  Results  of  these  tests 
strongly  depend  upon  the  sharpness  of  the  edges  on  the  metal  parts.  This  is 
because  the  breakdown  voltage  between  two  contacts  having  sharp  points  is 
lower  than  for  rounded  points.  The  actual  voltage  depends  upon  the  separation 
of  the  metal  contacts  as  discussed  in  the  Select  Screening  Test  Candidates 
section  of  this  report. 

Complete  Vehicle  Tests.  Complete  vehicle  or  subassembly  tests  can  be  used  to 
determine  the  local  lightning  environment  at  portions  of  a  vehicle  relative  to 
the  external  lightning  arc  environment.  If  the  subelement  tests  show  failures 
at  current  levels  below  the  severe  threat  lightning  values,  then  tests  on  a 
complete  vehicle  may  be  used  to  show  that  the  local  current  environment  is 
below  the  failure  current  level  of  individual  subelements.  Alternatively,  a 
large  subassembly  of  a  vehicle,  such  as  an  engine  nacelle,  may  be  tested  where 
the  lightning  current  can  be  accurately  established.  Figure  6  illustrates  how 
the  subsections  are  selected  and  Figure  7  describes  the  two  tests  used  (from 
Reference  19). 
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SPARK  THRESHOLD  (kA) 


specimen 


Test  Current  through  Specimen 


FIGURE  15.  TEST  CIRCUIT  PARAMETERS  FOR  GENERATING  THE  2  X  50  'S 
SIMULATED  LIGHTNING  CURRENT  PULSE 


FIGURE  16.  COMPARISON  OF  SPARK  THRESHOLD  LEVELS  FOR  VARIOUS  SEALANTS 
APPLIED  To  RIVET  IN  GR/EP  LAMINATE  SPECIMENS  WITHOUT  AN  ADHESIVE 
CARRIER  CLOTH. 


SELECT  SCREENING  TEST  CANDIDATES . 


This  subsection  discusses  considerations  used  in  selecting  candidate 
bonding  and  grounding  systems  for  the  modeling,  test,  and  evaluation  described 
in  the  Analytical  Models  section  of  this  report. 

The  candidate  systems  selected  must  fit  into  the  emerging  lightning 
protection  design  approach  for  advanced  technology  structures.  Hence,  the 
tests  on  the  systems  must  provide  direct  measurement  of  electrical  conditions 
at  critical  locations  in  the  structure  where  sparking  or  severe  electrical 
stresses  exist  on  electronic  components.  As  for  example,  where  sparking  on 
access  doors  or  fuel  gage  electrical  components  could  cause  fuel  ignition. 

In  most  cases  the  lightning  protection  design  for  advanced  aircraft 
structures  is  achieved  by  an  iterative  process,  starting  early  in  the  design 
according  to  the  following  steps: 

a.  Determine  the  lightning  strike  zone(s)  appropriate  to  the  location 
of  the  structure . 

b.  Establish  the  local  lightning  threat  environment  for  the  structure. 

c.  Identify  structural  systems,  subsystems,  or  components  that  may  be 
susceptible  to  hazardous  effects  from  lightning  threat  level 
currents  or  fields . 

d.  Establish  the  degree  of  protection  required  to  reduce  the  local 
environment  below  the  threshold  of  susceptibility. 

e.  Proceed  with  the  protection  design  to  achieve  the  needed  margin  of 
safety. 

f .  Verify  the  adequacy  of  the  design  by  analysis  and  test. 

The  above  design  process  requires  many  new  considerations  for  advanced 
structural  materials,  because  prior  design  experience  from  metal  aircraft  is 
not  applicable  for  the  new  range  of  vehicle  threat  environments.  For 
instance,  where  previous  generation  aircraft  had  a  few  volts  and  amps 
internally,  the  new  structures  can  have  a  few  hundred  to  a  few  thousand  of 
volts  and  amps  (Reference  19  &  27,  for  example).  The  process  is  further 
complicated  by  the  interdisciplinary  considerations  required  because  lightning 
effects  are  both  electrical  and  physical.  Thus  structural,  electrical,  power 
plant,  and  avionics  technologies  are  all  involved  in  the  protection  design 
steps . 

Design  and  certification  test  specifications  are  needed  for  the  above 
general  reasons.  They  are  also  needed  because  critical  structural  subelements 
are  difficult  to  identify  without  a  screening  test  of  several  subelements. 

This  difficulty  is  due  to  the  complexity  and  size  required  in  any  electrical 
model  that  will  represent  the  electrical  properties  of  the  entire  structure. 
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SECTION  III  ANALYTICAL  MODELS 


SELECTION  OF  GROUNDING  AND  BONDING  METHODS  FOR  ANALYSIS. 


Based  on  our  investigations  into  test  methods  described  in  the  Test 
Methods  Evaluation  section  of  this  report,  analyses  were  conducted  to  define 
models  to  predict  results  for  the  special  test  methods  used  for  composites  - 
reported  in  J.A.  Plumer's  1984  NASA  report  (Reference  19)  and  R.  Force  et  al 
1977  NASC  report  (Reference  22).  There  is  a  large  body  of  experimental  data 
on  electrical  properties  of  composite  materials  and  joints  in  these  two 
sources.  This  published  data  was  used  in  this  section  for  determining  the 
accuracy  of  the  models  for  electrical  properties  of  materials  and  complex 
joining  and  fastening  methods.  Plumer’s  work  emphasized  the  lightning  arc 
spark  hazards  of  composites.  Although  extensive  testing  was  completed,  the 
test  methods  have  not  been  supported  bv  analysis.  Consequently,  we  selected 
for  analysis  the  following  three  test  techniques  from  Tinner's  NASA  work: 

1.  Sparking  Thresholds  of  Subelements 

2.  Breakdown  Voltage  of  Subelements 

3.  End  to  End  Resistance  of  Composite  Wing 

The  first  two  analytical  techniques  are  needed  for  the  verification  that 
fuel  tanks  are  arc/spark  free.  Because  of  non-linearities,  tests  will  always 
be  required  for  spark  free  tank  design  and  development  data,  and  for 
verification.  Our  initial  modeling  efforts,  reported  herein,  indicate  that 
lower  bounds  on  the  spark  threshold  currents  can  be  established  before  testing 
of  fasteners  in  composites.  This  analysis  would  benefit  design  certification. 

The  third  technique  selected  for  analysis  involves  determination  of 
current  flow  in  the  entire  structure.  A  current  flow  analysis  is  needed  to 
establish  stress  levels  at  joints  between  structural  members.  Present 
analytical  methods  are  lacking  because  a  complete  vehicle  (or  a  full-scale 
subelement)  is  needed  to  establish  the  stress  at  individual  joints.  The 
analytical  capability  to  predict  currents  in  a  complete  structure  from  design 
allowables  on  joint  resistances  would  support  design  and  design  verification. 
The  main  benefit  provided  by  mathematically  modeling  currents  flowing  in  a 
composite  structure  is  to  provide  design  trade-offs  before  the  structure  is 
completed.  A  prediction  capability  will  also  reduce  the  amount  of 
developmental  testing  needed.  Analysis  may  also  help  reduce  the  risk  that 
retrofit  design  would  be  needed  if  the  design  and  certification  were  based 
only  on  tests  using  full-scale  parts. 

Modeling  includes  evaluation  and  application  of  proven  computer  modeling 
methods  from  EM  theory  to  the  solution  of  the  new  problems  of  determining 
current  flow  in  composite  structures.  The  main  focus  is  on  solving  for 
currents  and  voltages  in  composite  structures  for  determining  grounding  and 
bonding  parameters.  The  first  efforts  concern  details  of  structural  fasteners 
in  composites.  Subsequent  analysis  determines  the  current  distribution  in 
complete  composite  wing  structures. 

RESISTANCE  MODELS  FOR  COMPOSITE  MATERIALS  FASTENING. 

This  section  describes  the  results  of  an  investigation  into  analytical 
modeling  to  determine  the  resistance  of  metal  fasteners  in  composite  panels. 
Resistance  parameters  are  needed  to  determine  the  current  flow  in  composite 
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materials  because  the  resistance  of  a  line  of  fasteners  in  a  joint  can  be  as 
great  as  the  resistance  of  a  one  meter  section  of  skin.  The  investigation 
utilized  the  following  five  methods  to  compare  the  accuracy  of  each  model 
used : 

1.  Resistance  Sheet  Analog  Models. 

2.  Solution  of  Poisson's  equation  using  Green's  functions. 

3.  Numerical  Relaxation  solution  of  the  two  dimensional 
Laplace's  equation. 

4.  Solution  of  Maxwell  equations  by  the  Method  of  Images  in  one 
dimension. 

5.  Solution  of  Maxwell  equations  by  the  Method  of  Images 
in  two  dimensions. 

These  five  methods  have  been  found  useful  for  many  other  EM  problems  and 
are  current  technology.  The  application  to  gr/ep  materials  with  metal 
fasteners  has  not  been  reported  elsewhere  in  a  consistent  way  useful  to  this 
program.  The  details  of  each  analysis  technique  are  given  in  more  detail  in 
Appendix  B. 

Results  of  this  work  have  so  far  been  very  encouraging;  a  summary  of  the 
results  is  given  in  Table  9. 


TABLE  9 

SAMPLE  RESISTANCE  COMPARISON  FOR  DIFFERENT  ANALYSIS  METHODS 


SAMPLE 

NO  .  * 

RESISTANCE 

PAPER 

GREEN'S 

FUNCTION 

NUMERICAL 

RELAXATION 

2-D 

IMAGES 

1-D 

IMAGES 

1 

.0479 

.0465 

.0458 

0786 

.0454 

2 

.0276 

.0246 

.0256 

.0320 

.0188 

3 

.0791 

.0653 

.0712 

.1460 

.0579 

A 

.0237 

.0252 

.0258 

.0314 

.0232 

B 

.0461 

.0465 

.0401 

.0509 

.0370 

C 

.0244 

.0270 

.0210 

.0244 

.0255 

D 

.0338 

.0333 

.0378 

.0653 

.0334 

E 

.0367 

.0352 

.0373 

.0489 

.0334 

*  DIMENSIONS  GIVEN  IN  TABLE  10. 
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Each  of  the  analytical  methods  listed  above,  and  briefly  described  below, 
was  tested  on  eight  samples.  The  sample  panel  sizes  i. ere  chosen  in  two  ways. 
Samples  1-3  were  chosen  to  agree  with  test  panels  measured  by  Plumer  (1984). 
Samples  A-E  were  chosen  to  test  various  fastener  placements  on  the  panel,  and 
the  shape  of  the  panel. 

Resistance  Sheet  Analog  Method.  This  method  used  sheets  of  graphite  paper  cut 
to  various  rectangular  dimensions  shown  in  Figure  19  and  Table  10.  One  edge 
was  painted  with  a  silver  metal  paint  to  establish  an  equipotential  surface. 
This  paint  provides  a  resistance  of  0.1  to  1  ohm  per  square  for  a  typical 
brushed  on  thickness.  The  fastener  was  modeled  as  a  circle  of  silver  paint  ot 
various  dimensions.  An  ohmeter  was  used  to  measure  the  resistance  between  the 
fastener  and  the  edge  of  the  sheet.  Since  the  sheet  is  measured  to  be  2,000 
ohms  per  square,  the  results  were  scaled  to  gr/ep  with  a  conductivity  of  28,000 
and  varying  thicknesses  (either  four  or  seven  ply).  These  values  were  chosen 
from  Plumer's  1984  report  containing  various  fastener  tests.  The  limitation: 
of  this  method  are  due  to  the  anisotropy  of  the  paper  (1-2%  according  to 
Reference  35)  and  to  the  inability  to  paint  accurate  fastener  sizes  on  the 
paper.  However,  these  limitations  should  introduce  errors  of  only  a  few 
percent . 

Green's  Function  Solution.  The  solution  of  Poisson's  equation  with  a  charge 
located  at  the  fastener  center  can  be  written  using  a  Green's  function 
technique.  The  boundary  conditions  on  the  sample  are  that  the  potential  is 
zero  on  one  edge  (cc ..respond), ng  to  the  painted  edge  on  the  graphite  paper), 
and  that  the  tangent  electric  fields  are  zero  on  the  other  edges  of  the 
graphite  paper.  The  solution  can  be  written  as  an  infinite  sum  of 
eigenfunctions  normalized  to  a  known  potential  at  the  las  toner  position.  The 
resistance  of  the  sample  is  found  by  integrating  the  electric  field  across  the 
edge  with  zero  potential.  The  current  flowing  across  the  edge  is  calculated 
using  Ohm's  law  and  the  resistance  found  from  the  ra'io  of  applied  potential 
to  current  at  the  edge.  Comparison  between  this  method  and  the  other 
techniques  are  shown  in  Table  9.  The  Green's  function  method  shows  excellent 
agreement  with  the  resistance  analog  method.  This  method  is  easy  to  use  and 
has  a  very  fast  numerical  convergence.  A  possibly  large  source  of  error  is 
due  to  the  assumption  that  the  fastener  is  modeled  as  a  point  source.  If  the 
fastener  size  becomes  large  compared  to  the  panel  size,  then  this  error  is 
quite  large.  However,  for  the  cases  considered,  the  fastener  size  limitation 
was  not  significant. 

Numerical  Relaxation.  Solution  of  Poisson's  equation  using  numerical 
relaxation  techniques  is  a  standard  technique  for  solving  many  irregular 
geometrical  problems  that  are  not  easily  solved  analytically.  The  technique 
used  here  is  the  Liebmann  Iteration  method  (see  Reference  35).  Residuals  to 
Laplace’s  equation  are  found  at  each  grid  point  and  potentials  are  readjusted 
to  reduce  the  residuals.  This  is  an  overrelaxation  method  which  convergences 
much  faster  than  the  ordinary  relaxation  methods.  The  limitations  to  this 
method  are  the  quickness  of  the  convergence  which  can  be  a  problem  for  some 
geometrie.s  (fortunately  not  for  the  cases  analyzed  here),  and  the  limitations 
due  to  grid  size  especially  relative  to  the  fastener  size.  We  found  that 
changing  the  grid  size  by  a  factor  of  two  changed  the  calculated  resistances 
by  up  to  10%  for  small  fasteners,  and  by  up  to  thirty  percent  for  large 
fasteners.  It  is  recommended  that  different  grid  sizes  be  used  when  applying 
this  method  to  bound  the  error  from  an  initially  selected  grid. 
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FIGURE  19.  SAMPLE  GEOMETRY  WITH  FASTENER 


TABLE  10 


SAMPLE 

DESCRIPTIONS 

DIMENSIONS 

(INCHES) 

SAMPLE 

D 

B 

w 

t 

1 

1.10 

5.0 

3.0 

0.06 

0.056 

2 

0.75 

5.0 

3.0 

0.20 

0.100 

3 

9.00 

9.0 

3.0 

0.25 

0.056 

A 

2.00 

1.9 

3.0 

0.05 

0.056 

B 

0.05 

3.9 

3.0 

0.05 

0.056 

C 

0.50 

3.4 

6.0 

0.05 

0.056 

D 

4.70 

3.4 

3.0 

0.05 

0.056 

E 

0.50 

3.4 

3.0 

0.05 

0.056 

NOTE:  SAMPLES  1-3  are  similar  geometry  to  test  fastener  samples 
prepared  and  reported  by  Plumer  (1984). 


SAMPLES  A-E  were  analyzed  to  test  the  various  models  as  a 
function  of  sample  geometry. 

Variable  dimensions  are  defined  in  Figure  19. 
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Method  Of _ Images  2-D.  The  method  of  images  is  used  ■  )  statics  to  solve 

boundary  value  problems  only  for  simple  geomoti  ii-s,  ,  or  two  or  more  parallel 
boundaries,  an  infinite  number  of  images  must  be  used  to  satisfy  the  boundary 
conditions.  For  the  cases  analyzed  here  using  rectangular  strips,  an  infinite 
number  of  images  is  needed  in  two  dimensions.  Convergence  with  this  method  is 
not  reliable  even  for  very  large  numbers  of  terms.  The  answers  obtained  from 
this  method  best  agreed  with  the  other  techniques  when  onlv  four  images  were 
used,  one  to  satisfy  each  edge.  If  more  than  this  were  used,  the  answers  were 
radically  different  from  the  other  predictions  due  to  convergence  problems. 
Agreement  with  the  previous  techniques  described  is  still  spotty.  Samples  2, 

A,  B,  C  agree  fairly  well.  Samples  1,  3,  D,  and  E  are  up  to  a  factor  of  two 
different.  This  technique  was  tried  because  it  should  handle  the  fastener 
size  better  than  either  the  Green's  function  technique  or  numerical  relaxation 
technique  This  does  not  seem  to  be  the  case  however,  because  of  round-off 
errors  from  adding  the  large  number  of  terms  needed  in  the  summation.  This 
technique  was  the  least  reLiable  for  calculating  fastener  resistance  in  a  panel. 

Method  Of  Images,  1-D.  Due  to  the  convergence  problems  of  the  2-D  method  oi 
images  technique,  one  dimensional  analysis  was  tried.  In  this  case, 
convergence  was  fairly  rapid.  Agreement  with  the  other  techniques  was  found 
when  the  fastener  size  was  small.  When  the  fastener  size  was  large  compared 
to  the  panel,  the  agreement  was  not  as  good  as,  for  example  in  Samples  2  and 
3.  This  method  should  work  well  for  panels  shaped  like  Sample  C  (very  wide) 
where  the  side  boundaries  should  not  affect  the  results. 

Conclusions  On  Resistance  Models.  Five  techniques  were  presented  here 
for  the  analysis  of  metal  fasteners  in  graphite  epoxv  panels.  Four  of  the 
methods  were  shown  to  agree  for  most  cases  Results  from  the  fifth  method 
(2-D  method  of  images)  showed  poor  agreement.  The  major  limitation  on  all 
these  techniques  arises  from  the  relative  fastener  diameter  compared  with 
the  panel  size.  Testing  of  fasteners  in  panels  is  recommended  to  be  done  in 
panels  much  larger  than  the  fastener  diameter  for  ease  in  understanding  and 
prediction  of  the  results. 

The  most  reliable  techniques  for  obtaining  fastener  resistance  in  a 
graphite  panel  were  found  to  be  (1)  the  resistance  sheet  model,  good 
independent,  of  fastener  or  panel  size,  (2)  the  Green's  function  solution,  good 
for  small  fasteners  in  large  panels,  and  (3)  the  numerical  relaxation 
technique,  suited  for  larger  fasteners  in  any  size  panel.  The  analytic 
techniques,  Green's  function  and  numerical  relation  methods,  are  more 
applicable  to  circular  or  rectangular  panel  shapes  while  the  resistance  sheet 
method  can  be  used  for  any  shape. 


SPARKING  THRESHOLD  MODELS. 


Samples  Selected  For  Analysis.  Three  graphite  epoxy  fastening  samples, 
from  experimental  work  reported  by  Plumer  (Reference  19),  were  selected  for 
analysis.  These  samples  are  typical  for  a  general  aviation  airplane  design, 
cover  a  range  of  fastening  techniques  and  have  a  range  of  sparking  thresholds. 
The  first  sample  panel,  shown  in  Figure  20,  is  a  riveted  joint  between 
aluminum  and  graphite  epoxy  (gr/ep)  thin  skin  material.  The  second  panel, 
shown  in  Figure  21,  is  an  access  door  dome  nut  in  gr/ep  skin  material.  The 
third  panel,  shown  in  Figure  21,  is  a  fuel  line  feed-through  in  a  gr/ep  thin 
skin  material  to  be  used  between  wet  and  dry  sides  of  a  fuel  tank. 


fiber¬ 

glass 


0.04  in 


fiberglass 
0.005  in. 


.AM I NATE  TEST  SPECIMEN 


The  electrical  sparking  parameters  and  comparison  with  the  predicted 
thresholds  for  the  three  selected  panels  are  shown  in  Table  11.  Vhen 
lightning  currents  are  applied  above  the  current  threshold  of  the  fastener 
samples,  sparks  will  appear  at  the  interface  between  the  metal  fasteners  and 
the  underlying  gr/ep  material.  The  current  level  for  spark  initiation  depends 
upon  the  geometry  of  the  fasteners,  skin  thickness  and  treatments  applied  to 
hold  down  the  pressure  build-up  at  the  joint.  The  range  of  currents  for 
sparks  to  initiate  is  from  2.5kA  to  20kA  depending  upon  which  sample  is 
tested.  Figure  23  illustrates  the  sparks  on  sample  number  three  at  current 
just  above  the  spark  threshold  level. 

TABLE  11 

DAMAGE  MODEL  COMPARISON 


SAMPLE 

MEASURED 
SPARK  CURRENT 
THRESHOLD 
(k  Amp) 

PREDICTED  FROM  MEASURED  CURRENT 

PREDICTED 
MAX  ACTION 
INTEGRAL 

(Amp2  -sec) 

VOLTAGE 

DROP 

(Volts) 

CURRENT 

DENSITY 

(Cirmil/Amp) 

ACTION 
INTEGRAL 
(Amp2  -sec) 

1 

2.5-5 

120-240 

6-12 

250-1000 

390 

2 

5-10 

140-280 

8.5-17 

1000-4000 

3800 

3 

10-20 

800-1600 

6.6-13 

3600-5800 

8600 

FIGURE  23.  SPARK  AT  WASHER  TO  GR/EP  INTERFACE  RESULTING  FROM  A 

15  kA  CURRENT  STRIKE  TO  THE  FUEL  FEED-THROUGH  ELBOW.  WET  SIDE  VIEW  SHOWN. 
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Composite  Material  Daaage  Models.  A  damage  model  is  needed  to  explain  and 
understand  the  limitations  on  current  flow  at  gr/ep  joints.  Several  of  the 
possible  models  are  discussed  in  this  section.  One  model  that  seems 
appropriate  is  to  correlate  the  radius  of  physical  damage  on  gr/ep  test  panels 
from  lightning  strikes  to  the  size  of  the  fastener.  Estimates  of  physical 
damage  to  composite  panels  have  been  published  to  characterize  the  damage  area 
from  lightning  strikes.  Figure  24  shows  the  data  from  Fisher  and  Plumer 
(Reference  4).  A  second  damage  model  that  seems  appropriate  is  to  correlate 
the  action  integral  of  the  current  through  the  fastener  with  the  surface  area 
between  the  fastener  and  gr/ep  material.  The  voltage  drop  on  the  fastener  is 
also  a  possible  limiting  factor;  this  drop  was  calculated  for  the  three 
samples  using  the  resistances  determined  in  the  Resistance  Modeling  section. 
Finally,  a  simple  model  is  formulated  to  correlate  the  peak  current  density  at 
the  fastener  with  the  onset  of  sparks.  Comparison  of  current  thresholds  based 
on  these  damage  models  with  the  experimental  results  indicate  that  both  the 
simple  model  based  upon  current  density  at  the  fastener  and  the  damage  radius 
model  are  the  best.  These  models  will  be  discussed  in  the  following  sections. 

Physical  Damage  Radius  Model.  A  model  for  the  physical  damage  caused  by 
lightning  currents  in  gr/ep  materials  was  developed  through  extensive  testing 
by  the  USAF,  NADC,  NASA  and  commercial  companies.  The  body  of  knowledge  on 
the  tolerance  of  flat  panels  of  gr/ep  materials  is  well  understood.  The  data 
shown  in  Figure  24,  from  Reference  4,  describes  the  threshold  for  physical 
damage  in  terms  of  allowable  action  integral  as  a  function  of  the  number  of 
plies  of  material.  Three  damage  conditions  are  considered: 


1.  Superficial  damage  to  outer  plies  only, 

2.  Deep  penetration  and  damage  within  10  cm  of  the  arc, 

3.  Puncture  and  widespread  damage. 


The  data  in  Figure  23  shows  a  correlation,  as  discussed  below,  between 
the  composite  material  cross-sectional  area  and  the  action  integral  (integral 
of  the  square  of  the  applied  current  over  time).  The  relation  is  given  by: 


2 

Area 


-  k 


j  Kt)  dt 


where  k  is  a  proportionality  constant  obtained  from  Figure  24  by  comparing  the 
maximum  action  integral  for  non-degraded  graphite  with  the  area  in  square 
centimeters.  Thus,  for  graphite 


2  2  2-2-1 
k  -  (.025  in)  /  2.E3  Amp  -  sec  =  3.1  E-7  in  -  Amp  -  sec 

Figure  24  shows  that  increasing  the  area  by  10  times  increases  maximum  action 
integral  which  the  fastener  can  withstand  by  a  factor  of  100. 

Calculation  of  the  allowable  action  integral  depends  upon  the  area 
of  material  where  current  may  flow;  this  requires  consideration  of  the  flow 
path.  Current  flow  in  a  composite  skin  is  confined  to  the  general  direction 
of  current  flow  in  the  airplane  structure;  Figure  25  illustrates  this 
concept.  Thus  the  area  for  current  flow  is 

Area  -  jT  rt 


I 
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NUMBER  OF  PLIES 

Estimated  visible  damage  to  unprotected  graphite  composites. 

•  For  graphite  composites,  the  damage  extends  only  throughout 
the  visibly  damaged  region. 


COMPOSITE  J  X*dt  CONDUCTION  CAPABILITY 


Composite 

Cross-Sectional 

Area 

J  l2dt  (A2-s) 

Boron 

Graphite 

cm2 

In2 

Non- 

degraded 

Degraded 

Non- 

degraded 

Degraded 

0.014 

(0.002S) 

1 

10 

0.161 

(0.025) 

10  2 

I0J 

2  s  10  2 

2xl04 

1.610 

(125) 

10* 

10* 

2x10* 

2x10* 

16.100 

(2-50) 

io‘ 

107 

2xl07 

2x10* 

FIGURE  24.  COMPOSITE  ACTION  INTEGRAL  CONDUCTION  CAPABILITY 
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where  r  is  the  radius  of  the  fastener  and  t  is  the  thickness  of  the  graphite 
or  the  depth  of  the  fastener  in  the  graphite  panel,  whichever  is  less. 


GENERAL  DIRECTION 
OF  CURRENT  FLOW 
IN  AIRCRAFT 


FIGURE  25.  COMPOSITE  THICKNESS  VS.  AREA  OF  DAMAGE  FROM  CONDUCTED  CURRENT 

The  damage  model  assumes  that  the  damage  radius,  for  superficial  damage, 
is  equal  to  the  fastener  radius.  Thus  according  to  this  model  the  maximum 
action  integral  for  a  fastener  is 

2 

Maximum  Action  Integral  -  Area  /  k 

2  2 
-  (fl^rt)  x  3.2  E+6  Amps  -  sec 

where  r  and  t  are  in  inches.  The  predicted  maximum  action  integral  values  for 
the  three  fastener  samples  under  analysis  are  shown  in  the  last  column  of 
Table  11.  The  predicted  values  are  within  the  range  of  the  measured  action 
integrals  as  presented  in  column  5  of  Table  11  for  Samples  #1  and  #2  and 
slightly  larger  than  the  measured  action  integral  for  Sample  #3. 

Voltage  Drop  Model.  One  theory  of  sparking  in  composite  material  joints 
predicts  that  a  spark  will  occur  if  the  voltage  has  built  up  enough  to  burn  a 
filament  of  graphite.  To  test  this  theory,  the  sample  voltage  drop  may  be 
predicted  using  the  calculated  resistance  of  the  joints  (from  previous 
sections)  and  the  measured  values  of  sparking  current  threshold.  The 
calculations  presented  in  Table  11  were  based  upon  the  resistances  determined 
by  the  resistance  sheet  analog  method.  If  this  theory  was  accurate,  the 
predicted  voltages  for  each  fastener  sample  should  be  identical,  instead  there 
is  over  an  order  of  magnitude  variation  in  predicted  voltages. 

Current  Density  Model.  A  theory  for  the  maximum  current  handling  capacity  of 
electrical  equipment  is  based  upon  maximum  current  density.  This  theory 
assumes  that  hot  spots  build  up  at  locations  of  maximum  current  density,  and 
ultimately  limit  the  maximum  current  handling  capacity.  This  has  been  useful 
in  the  design  of  transformers  and  motor  and  generator  power  equipment;  a  rule 
of  thumb  is  that  600  circular  mils  per  ampere  is  a  maximum  for  enclosed 
equipment.  A  guideline  for  lightning  current  diverters  is  that  0.05  circular 
mils  per  ampere  is  required  for  thin  metal  diverter  strips.  The  current 
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density  model  calculations  used  the  number  of  circular  mils  in  the  fastener 
and  the  measured  sparking  current  thresholds;  these  ’lumbers  appear  as  rcular 
mils  per  ampere  in  the  model  and  experimental  data  tabulation  in  Table  il.  The 
results  show  only  a  factor  of  two  to  three  variation  between  the  values 
predicted  using  this  model  for  the  three  fastener  samples.  This  model  should 
predict  a  constant  value  useable  for  all  fasteners. 

Damage  Model  Conclusions.  The  predicted  current  density  data  indicates  a 
strong  correlation  between  the  sparking  current  threshold  and  the  maximum 
current  density  in  the  fasteners.  Designs  having  at  least  20  circular  mils 
per  ampere  should  pass  spark  free.  These  results  are  very  preliminary,  being 
based  on  so  few  samples,  but  it  appears  that  a  test  program  or  additional 
analysis  of  experimental  data  would  be  warranted.  Should  so  simple  a 
guideline  prove  to  be  generally  applicable,  it  would  have  a  great  effect  on 
the  design  and  certification  process.  A  possible  rationale  for  the  success  of 
this  model  is  because  there  is  a  fundamental  limit  on  current  handling 
capability  of  gr/ep  resulting  from  the  phenomenon  of  sequential  burnout 
starting  with  the  individual  graphite  fibers.  Since  each  of  the  graphite 
fibers  carries  a  small  portion  of  the  total  current,  when  some  reach  their 
current  burnout  limit,  then  the  others  will  increase  their  share  of  the  tot^i 
current  leading  to  an  avalanche  failure  of  the  remaining  fibers.  The  number 
of  fibers  available  depends  upon  the  area  of  the  fastener  junction  to  the  base 
material.  Hence  the  sparking  threshold  current  limitation  is  based  upon 
current  density  at  the  fastener  interface  to  the  gr/ep  panel. 

There  is  also  good  correlation  between  the  predicted  maximum  action 
integral  and  the  action  integral  calculated  from  measured  sparking  currents 
and  lightning  waveforms.  For  the  range  of  parameters  in  Table  11,  the  maximum 
action  integral  model  agrees  well  with  the  measured  value.  This  model 
overestimates  the  ability  of  the  larger  fastener,  Sample  #3,  to  withstand 
sparking.  Better  measurement  of  the  empirical  relation  between  action  integral 
and  fastener  contact  area  with  gr/ep  panels  is  necessary. 

The  correlation  between  sparking  thresholds  and  calculated  voltages  on 
the  joints  is  not  good.  The  largest  voltages  were  on  the  largest  sample  where 
the  main  portion  of  the  voltage  was  from  the  bulk  material  and  not  from  the 
joint  between  the  fastener  and  skin  material.  The  data  indicates  that  a 
voltage  drop  of  50-100  volts  should  be  tolerable  in  conducting  electrical 
bonds  between  portions  of  graphite  composite  structure. 

It  should  be  noted  that  the  samples  selected  for  analysis  were  not 
treated  to  increase  the  tolerance  to  pressure  build-ups  at  the  fastener/ 
composite  joints.  Proper  joint  treatments  can  increase  the  sparking 
thresholds  by  an  order  of  magnitude.  These  treatments  include  epoxy 
adhesives,  precast  solid  plastic  caps,  and  sealants.  The  art  of  designing 
these  treatments  is  evolving  with  aircraft  applications  of  composite 
materials.  Because  the  weight  savings  from  using  composites  may  be  negated  by 
the  added  materials  for  lightning  protection,  research  should  continue  into 
special  light  weight  joint  treatments.  The  certification  data  for  these 
should  always  include  test  results.  The  analysis  models  discussed  previously 
should  be  useful  for  eliminating  joint  test  candidates  where  the  current 
levels  are  well  below  sparking  thresholds.  Using  these  models  may  reduce  the 
amount  of  testing  required.  Analysis  is  not  a  suitable  replacement  for  tests 
on  lightning  critical  items,  however. 
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BREAKDOWN  VOLTAGE  OF  SUBELEMENTS. 


Samples  Selected  For  Analysis.  Data  in  Reference  19  describes  samples  of 
adhesively  bonded  aluminum  joints  that  were  tested  to  determine  the  break  down 
voltages.  The  samples  were  simple  lap  joints  bonded  over  a  1  inch  square  area 
at  one  edge.  A  number  of  different  adhesive  bonding  materials  were  used  to 
join  the  samples.  A  series  of  tests  was  run  on  samples  of  one  adhesive  and 
specimens  with  carefully  prepared  edges  to  remove  burrs.  The  need  to  remove 
burrs  was  prompted  by  earlier  testing  where  several  conducting  joints  were 
found,  although  the  adhesive  was  non-conducting.  The  breakdown  voltage  versus 
bondline  thickness,  shown  in  Table  12,  shows  a  wide  variation.  For  thin 
bonds  the  breakdown  voltage  is  about  40C  volts  per  mil  (0.001  in.)  thickness. 
For  thicker  bonds  the  voltage  required  to  cause  sparkover  reduces  to  about  200 
volts  per  mil.  All  the  breakdowns  occurred  at  the  edges  of  the  samples, 
indicating  that  the  adhesive  dielectric  withstand  voltage  is  greater  than  that 
of  air. 


Table  12 

Breakdown  Voltage  vs.  Bondline  Thickness 
(AF-126-2  Adhesive  Only  from  Ref.  19) 


BOND  LINE  THICKNESS 

(Inches) 

BREAKLOWN  VOLTAGE 

(Volts)  (Volts/Mil) 

0.0035 

1200-2400 

340-380 

0.0070 

2400-2800 

340-400 

0.0100 

3600-4700 

360-470 

0.0150 

4000-4800 

270-320 

0.0200 

4000-4800 

200-240 

Table  13 


Breakdown  Voltage  Of  Fuel  Line  Bracket  Specimens 


ADHESIVE  DESCRIPTION 

RANGE  OF  BREAKDOWN 
VOLTAGES  (KV) 

DESIGNATION 

TYPE 

CONDUCTIVITY 

AF-126-2 

SUP. 

NONE 

1.8-3. 5 

EA  9602.3 

SUP. 

NONE 

<0  1-5.5 

FM  61 

SUP. 

NONE 

1 .0 

FM  400 

SUP. 

PARTIAL 

0.5-10.0 

FM  1000 

UNSUP. 

NONE 

0.2-10.0 

HT  424 

SUP. 

PARTIAL 

0.1-10.0 

MB  1113 

SUP. 

NONE 

0. 2-5.0 

R  7114 

SUP. 

NONE 

0. 5-2.0 

A  second  series  of  tests  w,-,-:  done  <>n  the  breakdown  voltage  ot  aluminum 
fuel  line  brackets  bonded  to  an  aluminum  plate  usin'  a  series  of  different 
adhesives;  the  data  (from  Reference  Id}  is  shown  in  table  15.  The  bondline 
thickness  of  these  samples  was  not  carefully  measured  but  was  estimated  to  be 
from  0.005  to  0.020  inches.  All  the  brackets  had  been  carefully  deburred  and 
later  checked  to  see  that  the  joint  was  non-conducting  (or  at  least  poorly 
conducting  for  the  joints  with  conductive  adhesive).  The  range  of  breakdown 
voltages  for  these  brackets,  shown  in  Table  13,  varies  so  much  that 
distinctions  among  the  adhesives  are  not  apparent. 

Voltage  Breakdown  Model.  The  model  of  voltage  breakdown  is  an  old  one  that  is 
well  proven  for  spark-gaps.  A  reference  to  the  model  is  made  in  several 
places,  for  instance  Reference  Data  For  Radio  Engineers,  Sams  Publishers  sixth 
edition  p.  48-2:  "An  approximate  rule  for  uniform  fields  at  frequencies  up  to 
at  least  300  MHz  is  that  the  breakdown  gradient  of  air  is  30  peak  kilovolts 
per  cer.imeter  or  75-peak  kilovolts/inch  at  sea  level  and  normal  pressure. 

The  breakdown  voltage  is  approximately  proportional  to  pressure  and  inversely 
proportional  to  temperature."  Figure  26  illustrates  i  iie  above  variation  w' 
temperature  and  pressure  as  well  as  the  variations  between  sharp  points  and 
spheres.  This  model  indicates  that  the  breakdown  voltage  should  be  between  23 
and  75  volts  per  mil  of  bond  line.  This  is  not  inconsistent  with  the  observed 
minimum  /oltage  breakdown  levels  with  the  fasteners  and  brackets.  The 
adhesive  layer  may  increase  the  breakdown  voltage  because  of  increased 
dielectric  strength  for  some  of  the  adhesive  materials.  This  should  be  used 
with  caution  however,  because  the  voltage  breakdown  decreases  with  altitude; 
at  20,000  feet  the  breakdown  voltage  is  approximately  1/2  that  at  sea  level. 

Voltage  Breakdown  Model  Conclusions.  The  results  of  the  breakdown  model 
investigation  indicate  that  at  least  some  of  the  breakdown  during  test  was 
because  of  air  breakdown  for  the  short  gaps.  Although  some  of  the  samples 
tested  had  higher  levels  of  breakdown  threshold,  the  treatment  of  the  edges 
with  adhesive  was  not  well  enough  controlled  to  provide  the  same  level  of 
protection  for  all  samples.  The  use  of  dielectric  layers  to  increase  the 
breakdown  levels  for  bonded  structures  is  an  important  area  where  further 
research  may  improve  the  manufacturing  methods. 

STRUCTURE  RESISTANCE  MODEL. 


Current  Modeling  Capability  for  Composite  Structures.  The  electromagnetic 
coupling  modeling  for  lightning  protection  design  must  account  for  the 
composite  materials  and  the  fastening  &  joining  techniques  for  advanced 
technology  aircraft.  A  considerable  base  of  analysis  is  available  from  prior 
research  and  development  to  apply  for  this  effort.  These  techniques  are 
summarized  in  the  AEHP  program  documentation,  earlier  work  of  the  Naval  Air 
System  Command,  and  of  the  Air  Force  Flight  Dynamics  Laboratory.  References 
to  these  documents  are  included  in  Appendix  A. 

The  present  modeling  techniques  for  metal  aircraft  need  to  be  modified  in 
several  ways  for  application  to  the  test  bed  analysis.  The  principal  elements 
of  the  modeling  and  analysis,  shown  in  Figure  27,  follow  the  flow  of  energy 
from  external  environments  to  the  internal  equipment.  Many  of  the  present 
models  are  directly  useful,  such  as  the  environment,  external  response,  cable 
and  wiring  and,  internal  equipment.  The  penetration-to-interior  models 
require  changes  for  particular  aircraft  and  wiring  configurations. 
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Sparkgap  breakdown  voltages 


t.S  tffon 


gap  length  in  inches 


Table  af  multiplying  factors. 


pressure 

temperature  in  degrees  centigrade 

In  Hg 

mm  Hg 

-40 

-20 

0 

20 

40 

60 

5 

127 

0.24 

0.23 

0.21 

0.20 

0.19 

10 

254 

0.44 

0.42 

0.39 

0.37 

0.34 

15 

381 

0.68 

0.64 

0.60 

0.56 

0.53 

0.50 

20 

508 

0.87 

0.82 

0.77 

0.72 

0.68 

0.64 

25 

435 

1.07 

0.99 

0.93 

0.87 

0.82 

0.77 

30 

762 

1.25 

1.17 

1.10 

1.03 

0.97 

0.91 

35 

889 

1.43 

1.34 

1.26 

1.19 

1.12 

1.05 

40 

1016 

1.61 

1.51 

1.42 

1.33 

1.25 

1.17 

45 

1143 

1.79 

1.68 

1.58 

1.49 

1.40 

1.31 

50 

1270 

1.96 

1.84 

1.73 

1.63 

1.53 

1.44 

55 

1397 

2.13 

2.01 

1.89 

1.78 

1.67 

1.57 

50 

1524 

2.30 

2.17 

2.04 

1.92 

1.80 

1.69 

PIGURE  26.  SPARKGAP  BREAKDOWN  VOLTAGES 
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Protection  Analysis  Elements  For  Air  Vehicles 
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FIGURE  27.  PROTECTION  ANALYSIS  ELEMENTS  FOR  AIR  VEHICLES 


The  modeling  of  energy  penetration  from  the  exterior  to  the  interior  has 
several  common  elements  particularly  in  the  apertures  and  exterior  wiring  and 
cables.  The  principal  difference  between  metal  and  composite  aircraft  lies  in 
the  increased  contribution  of  the  resistive  voltage  drop  (IR)  in  the  fuselage 
and  wing  skins,  and  in  the  increased  current  flow  paths  in  the  structure. 

This  is  because  the  gr/ep  structure  has  typically  1000-3000  times  higher 
resistance  than  the  similar  aluminum  structure.  For  frequencies  above  a  few 
megahertz,  or  early  time  (i.e.  for  a  few  microseconds),  there  is  no  difference 
in  lightning  response  between  aluminum  and  graphite  structures.  This  is 
because  at  high  frequencies,  electromagnetic  "skin-effect"  forces  the  currents 
to  the  outside  of  the  materials,  to  the  outside  surfaces,  and  to  sharp  radius 
of  curvature  portions  of  the  structure.  Protection  against  the  early  pulse  is 
essentially  the  same  for  both  structural  materials:  keep  wiring  near  metal  or 
structure  to  reduce  the  magnetic  field  B-dot  coupling  factors. 

The  main  difference  in  energy  penetration  between  graphite  and  aluminum 
structures  is  in  the  frequencies  below  the  megahertz  range,  or  late  time  (i.e. 
for  a  few  tens  of  microseconds).  For  this  range  of  frequencies  (or  late  time 
in  to  a  lightning  pulse)  and  as  a  result  of  the  range  of  thicknesses  and 
materials  used  in  aircraft  structure,  considerable  current  flows  into  the 
interior.  Since  the  current  flow  is  resistive  for  graphite  epoxy  materials, 
the  protection  measure  of  keeping  the  wiring  close  to  structure  will  not  have 
any  protective  effect.  Furthermore,  the  IR  voltage  drop  will  be  much  larger 
for  gr/ep  than  for  aluminum. 

Composite  Wing  Model.  A  dc  resistance  model  of  the  wing  composite  used  in  the 
NASA  tests  was  constructed  to  determine  the  amount  of  current  flowing  through 
various  sections  of  the  wing.  The  results  of  this  modeling  study  will  predict 
energy  flows  into  various  structural  members  and  fasteners.  A  dc  model  is 
appropriate  for  lightning  studies  since  structural  and  fastener  damage  occurs 
from  the  high  energy  levels  which  are  mainly  from  large  low  frequency 
components  of  the  lightning  pulse. 

An  estimate  of  the  dimensions  and  properties  of  the  composite  wing  are 
listed  in  Table  14.  The  spars  were  considered  "I"  beam  sections  1/4"  thick 
with  the  remaining  values  given  in  the  Table  14.  The  skin  was  taken  as  a 
product  of  average  dimensions  obtained  from  Plumer's  NASA  report  (Reference 
19).  Both  sides  of  the  wing  skin  were  considered  in  the  total  area.  The 
braid  running  in  the  leading  wing  edge  was  assumed  to  be  1/2”  braid  which  was 
taken  to  have  3  milliohm/meter  resistance,  as  measured  in  previous  studies. 
Fasteners  were  assumed  to  have  a  resistance  of  10  milliohms  per  fastener. 

These  resistances  are  similar  to  other  predictions  we  have  done  for 
determination  of  various  fastener  resistances. 

This  simple  resistance  model  predicts  current  level  as  percentages  of 
total  current  in  Table  14.  These  are  compared  to  Plumer's  measured  values  for 
late  time  (80  microseconds)  into  the  pulse.  The  agreement  is  good  considering 
that  dimensions,  conductivities,  number  of  fasteners,  and  fastener  resistances 
are  not  accurately  known. 

Bellanca  Test  Bed  Model.  The  Bellanca  test  bed  has  been  designed  with 
consideration  for  protection  of  the  internal  equipment  against  internal 
currents  and  fields.  First,  the  entire  structure  has  been  provided  with  a 
current  path  for  the  low  frequency,  late  time  lightning  currents.  This 
current  path  has  gr/ep  structure  augmented  with  aluminum  foil  and  screen. 
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COMPOSITE  WING  RESISTANCE  MODEL  RESULTS  VS.  MEASUREMENT 


(3)  2  FASTENERS  ASSUMED 

(4)  10  FASTENERS  ASSUMED 

(5)  2  FASTENERS  ASSUMED 

(6)  MEASURED  DATA  FROM  PLUMER  (1984) 


This  design  is  intended  also  to  improve  the  grounding  and  bonding  of  the 
electronic  equipment  and  wiring. 

A  resistor  network  model  is  used  to  determine  the  end-to-end  connectivity 
of  the  test  bed  structure.  This  model  may  also  be  used  to  determine  the  late 
time  currents  (greater  than  10  microsecond  for  lightning)  that  may  be 
potentially  damaging  to  the  structure. 

The  test  bed  current  paths,  shown  in  Figure  28a,  are  modeled  by  the 
resistor  network  shown  in  Figure  28b.  The  values  for  these  resistors 
determine  the  current  flow.  In  a  design  project,  developmental  tests  would  be 
carried  out  to  determine  these  parameters  before  implementing  the  design.  For 
the  test  bed,  the  design  and  implementation  has  been  combined  somewhat.  This 
is  partly  to  reduce  costs  and  partly  due  to  the  one  of  a  kind  nature  of  the 
test  bed.  The  Bellanca  aircraft  that  the  test  bed  is  modeled  after  has  not 
been  protected  against  lightning  yet,  so  that  the  developmental  testing  data 
is  not  available.  The  fastener  resistance  values  allow  for  a  number  of 
fasteners  in  parallel. 
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APPENDIX  B 


RESISTANCE  MODELS  FOR  FASTENERS  IN  COMPOSITE  MATERIAL 

This  appendix  describes  in  detail  the  modelling  methods  used  to  obtain 
the  resistance  of  metal  fasteners  in  composite  panels.  The  geometry  used  in 
the  analyses  is  shown  in  Figure  B-l.  The  problem  to  be  solved  is  to 
calculate  the  resistance  of  the  fastener  attached  to  a  composite  panel  where 
current  flows  from  one  edge  of  the  panel  through  the  panel  and  out  the 
fastener  (or  vice  versa).  An  equivalent  problem  is  to  consider  a  voltage  or 
charge  source  at  the  fastener  location  and  solve  for  the  potential  and 
therefore  the  electric  field  and  current  flow  with  appropriate  boundary 
conditions  at  the  edges  of  the  panel.  The  current  flow  paths  and 
equipotential  lines  are  illustrated  in  Figure  B-2,  By  obtaining  the  total 
electric  field  at  the  panel  edge,  the  total  current  flowing  through  the 
panel  can  be  calculated  and  then  the  total  resistance  of  the  fastener  in  the 
panel.  The  resistance,  R,  is  calculated  from  Ohm's  law,  equation  (1). 

(1)  R  «  Vo  /  I 

where  Vo  =  potential  at  fastener 

♦K/2 

I  -  /  Ex*dT  dY 

-K/2 

Ex  -  -dV/dX 

and  tf  =  conductivity 

T  -  panel  thickness 


Y 


FIGURE  B-l.  GEOMETRY  OF  FASTENER  IN  PANEL 
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> 


Current  Flow  Lines 


FIG'JPE  B-2.  EQU I  POTENTIAL  AND  CURRENT  FLOW  LINES  OF  A 
FASTENER  IN  A  TEST  PANEL 
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Ex  is  the  electric  field  at  X  =  U  and  is  obtained  from  the  potential,  V,  at 
the  panel  edge  using  the  various  methods  described  below.  These  methods 
include : 

1.  Green's  function  solution  of  Poisson's  equation, 

2.  Numerical  relaxation  solution  of  Poisson's  equation, 

3.  Method  of  images,  one  dimension, 

4.  Method  of  images,  two  dimensions. 


Green's  Function  Solution 


To  solve  for  the  potential  at  the  panel  edge,  the  solution  for  the  potential 
on  the  entire  panel  must  be  found.  The  potential  satisfies  Poisson's 
equation  with  a  voltage  source  located  at  the  fastener.  To  use  the  Green's 
function  method  of  solution  the  source  is  assumed  to  be  a  point  source 
located  at  the  fastener  center.  This  limits  these  solutions  to  fasteners 
with  dimensions  small  compared  to  the  panel  dimensions.  Panel  dimensions  ten 


times  larger  than  the  fastener  diameter 
Poisson's  equation  with  a  point  source, 
equation  (2). 

(2)  V  =  Q  ■  6  <  X— B)  •  6  <  Y  > 
The  appropriate  boundary  conditions  for 


V  =  G 

at 

X 

-  0 

0V/0X  = 

0 

at 

X 

*  L 

0V/0Y  = 

0 

at 

Y 

=  +W/2 

These  boundary  conditions  correspond  to 
out  the  panel  edge  at  X  =  0  which  is  at 

The  Green's  function  method  solves 
related  eigenfunction  equation  (3) 


should  produce  accurate  results. 
Q,  at  X“B  and  Y=0  is  given  in 

the  panel  are: 


current  flowing  from  the  fastener 
a  constant  potential. 

equation  (2)  by  first  solving  the 


(3)  CV»  +  fn  =  0 


The  Green's  function  for  the  problem  can  then  be  written 


(4) 


G<RtR>  «  E  Wn< Ft)  -Vn-< R) 

n-o  K=n 


and  the  potential  is  then  given  by 

(5)  V <R)  -  J  G<R,R')-P<R‘)  dR 
P  <R ' )  =  Q • 6 < X— B) • 6 ( Y) 

The  solution  of  the  eigenvalue  equation  (3)  which  satisfies  the  above 
boundary  conditions  is 


(  6  )  ¥m  n  =  Am  n 


SIN  <2n+l ) wX/2L- COS  2nnrY/W 


where 


2//D3  m  yi  O 
Y'2/LW  m  =  O 


and 


=  ir3  •  C  <  <2n  +  l )  /L)2  +  16m3 /W3  3/4 


This  results  in  the  following  form  for  the  Green's  function. 

(7) 

a> 

G  <  R  ,  R  '  )  =  32L  E  SIN  <2n+l  )  1X/2L -SIN  ( 2n+  1 )  uX  ' /2L 
,3  w  n  -o  r  a> 

1  *  2-E  COS  2titiY /U  •  COS  2~tmY  *  /U 

<2n+l  )3  <2n+l>3  +  16m3  L3/!* 


Then  using  equation  (5)  to  solve  for  the  potential  gives 

(8) 

<D 

Vo  E  SIN  <2n+l )  irX/2L  •  SIN  <2n+l>tB/2L 


n  «-o 

CD 

T  1 

2-E  COS  2mirY/W 

V<R)« 

li2n  +  l ) 3 

"»-»  <2n  +  l ) 3  +  16m3  L3  /W3J 

CD 

r 

<D 

E  SIN3  <2n  +  l  >-wB/2L  • 

n  — o 


*  2-E 


<2n+l>3  m“°  <2n+ 


_ 1 _ 

l)n+16m»  L3  /W3 


. ) i 1 1 e rent iat i ng  the  potential  at  x=U  and  integrating  across  the  panel 
edge  at  x=<'  gives  t he  total  current  flowing  through  the  panel  relative  to 
the  applied  voltage  as  given  in  equation  (9).  This  can  then  be  used  to  find 
the  fastener  resistance  In  the  panel  using  equation  (1)  for  the  resistance. 


(  9  ) 


-v«th 

2L 


E  t 1 / < 2n  + 1  ' 3 ■ SIN  (2n+ 1 ) 1B/2L 

n  »• 


E  SIN3  <2n+ 1 )  »B/2L- 

n  — o 


[<2n  +  l>» 


2  E  _ 1 _ 

<2n4-i  )»  L*  /W3 


To  obtain  quantitative  results,  the  infinite  suit,-  in  equation  (8)  is 
used  in  a  computer  code  and  enough  terms  are  included  so  the  sum  remainder 
is  small.  For  this  calculation  at  the  edge  of  the  panel  the  sum  converges 
fairly  quickly,  less  than  twenty  terms  for  the  parameters  considered  here. 
The  convergence  is  not  as  good  for  determining  potential  at  any  point  on  the 
panel. 
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Numerical  Relaxation 


The  second  technique  of  solving  Poisson's  equation  using  the  above 
boundary  conditions  is  using  a  numerical  relaxation  technique.  The  specific 
technique  used  here  is  the  Liebmann  iteration  method  given  by  Silvester 
(1968)  p.  56-65.  The  basis  for  this  approach  is  to  calculate  potentials  at 
selected  grid  points  using  the  finite  difference  form  of  Laplace’s  equation 
and  to  set  source  grid  points  equal  to  the  applied  voltage.  The  finite 
difference  form  of  Laplace's  equation  (for  Res-0)  at  grid  point  I,J  is 

(10)  V(I,J+1)+V(I,J-1)+V(I+1,J)+V(I-1,J)-4*V(I,J)  =  Res 

The  relaxation  technique  involves  initially  assuming  values  for  V(I,J) 
at  all  grid  points.  Equation  (10)  is  then  equal  to  some  finite  residue  at 
each  grid  point.  Liebmann's  iteration  technique  involves  calculating  one 
residue  t  a  time  and  readjusting  the  potential  value  at  that  point  by  using 

(11)  V(new)  -  V(old)  +  a*Res/4 

where  a  -  overrelaxation  factor  with  a-1  to  2.  Best  convergence  is  usually 
obtained  for  a  between  these  values.  Res  is  the  residue  calculated  at  the 
grid  point  being  examined  using  equation  (10).  Each  grid  point  in  the 
considered  geomtry  to  be  solved  is  iterated  until  the  calculated  residues  at 
each  point  are  less  than  some  predetermined  maximum.  The  more  accurately  the 
inital  guess  for  the  voltage  distribution,  the  faster  the  convergence. 

The  boundaries  and  other  points  which  are  at  a  predetermined  voltage 
are  not  changed  in  this  process.  So  for  the  fastener  analysis,  the  grid 
points  representing  the  fastener  are  set  equal  to  Vo  and  at  the  panel  edge 
at  x-0  the  potential  is  set  to  zero. 

This  technique  for  determining  the  voltage  allows  for  finite  size 
fasteners.  The  size  of  the  fasteners  is  limited  by  the  grid  spacing  size. 
This  technique  is  more  appropriate  for  larger  fasteners  in  composite  panels 
than  the  Green's  function  technique.  This  technique  gave  good  results 
consistent  with  the  Green's  function  technique  and  the  resistance  paper 
measurements.  A  sample  basic  program  for  a  fastener  in  the  middle  of  a  panel 
is  given  in  Figure  B-3. 


Method  of  Images  -  1-Dimension 

The  method  of  images  solves  Poisson's  equation  by  assuming  a  set  of 
voltage  source  images  outside  the  region  of  interest  (in  this  case  outside 
the  panel)  which  allow  the  boundary  conditions  to  be  satisified.  For  the  one 
dimensional  image  technique  the  geometry  used  is  shown  in  Figure  B-4.  The 
panel  is  assumed  to  be  infinitely  long  with  boundaries  only  at  x-0  and  x=L. 

This  technique  obviously  is  accurate  only  for  long  thin  panels.  The  number 
of  images  needed  to  satisfy  the  boundary  conditions  at  the  edges  is 
infinite . 

To  calculate  the  electric  field  at  x-0,  the  image  sources  are  paired  up 
for  summation.  The  electric  field  strength  decreases  as  the  square  of  the 
distance  of  the  source  to  the  x-0  plane  so  the  summation  can  be  terminated 
when  additional  source  image  terms  become  small.  The  electric  field  at  x-0 

L1 
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10  REK:  SAMPLE  LIEBMANN  ITERATION  PROGRAM 

20  REM:  FASTENER  IN  CENTER  OF  PAPER  IN  X  DIRECTION 

30  REM  V-0  ALONG  Y-0 :  E  PARALLEL  ALONG  OTHER  EDGES  -0 

40  REM  CALCULATES  POTENTIAL,  RESISTANCE  OF  SHEET  AND  FASTENER 

50  ALPHA  -  1.5: VO-10 :NMX-30 

60  DX- . 5 : DY-DX : REM  USE  SQUARE  GRID 

70  W-3:D-l.l:B-5! :A-.06:REM  DIMENSIONS  IN  INCHES 

80  SG-28000:T-. 056 :T-T*. 0254 

90  NX-INT ( W/2/DX+1 . 5 ) : NY-INT( (B+D)/DY+1 . 5) 

100  IFAS-INT(B/DY+1 . 5) :REM  POSITION  OF  FASTENER 
110  NIF-INT(A/DX+ . 5) :REM  NUMBER  OF  POSITIONS  FOR  FASTENER 
120  PRINT  "NX=" ;NX; "  NY-" ;NY; "  IFAS-" ; IFAS ; ”  NIF-";NIF 
130  RSMAX= . 0025 
140  DIM  V (NY , NX) 

150  FOR  I  =1  TO  NY 
160  FOR  J-l  TO  NX 
170  V(I,J)-VO/2 
180  NEXT: NEXT 
190  FOR  J-l  TO  NX 
200  V(l,J)-0 
210  NEXT 

220  V (IFAS , 1 )— VO 
230  KOUNT-O 
240  R-ALPHA/4 

250  I1-INT( . 2*IFAS-NIF+. 5) : I2-IFAS 

260  REM:  ITERATION  CYCLE 

270  INDIC-0 : M1=0 : M2-0 : MR=0 

280  FOR  1-2  TO  NY-1 

290  IF  I-IFAS  THEN  GOTO  350 

300  RES=2*V(I,2)+V(I-1,1)+V<I+1,1)-4*V(I,1) 

310  AR-ABS (RES) : IF  I-Il  THEN  Ml-AR: 1X1-1 : IY1-I 
320  IF  MR<AR  THEN  MR-AR : IX- 1 : IY-I 
330  IF  AR>-RSMAX  THEN  INDIC-1 
340  V(I,1)-V(I,1' +R*RES 

350  RES-V (I, NX-1) +V (I- 1 ,NX)+V( 1+1 , NX) - 3*V( 1 , NX) 

360  AR-ABS(RES) : IF  I-I2  THEN  M2-AR : IX2-NX: IY2-I 
370  IF  AR->RSMAX  THEN  INDIC-1 

380  V( I , NX)-V(I ,NX)+R*RES : IF  MR<AR  THEN  MR-AR : IX-NX : IY-I 

390  V ( IFAS , 1)— VO 

400  IF  NIF>0  THEN  GOTO  910 

410  FOR  J=2  TO  NX-1 

420  RES=V ( I , J+l)+V( I , J - 1)+V( I - 1 , J )+V( 1+1 , J ) -4*V( I , J) 

430  AR-ABS(RES) : IF  MR<AR  THEN  MR-AR: IX-J : IY-I 

440  IF  AR->RSMAX  THEN  INDIC-1 

450  V(I,J)-V(I,J)+R*RES 

460  NEXT  J 

470  NEXT  I 

480  FOR  1-2  TO  NX-1 

490  RES-V (NY- 1 , I ) +V (NY , I - 1 ) +V(NY , 1+1) -3*V(NY, I) 

500  AR-ABS(RES) : IF  MR<AR  THEN  MR-AR: IX- I : IY-NY 
510  IF  AR->  RSMAX  THEN  INDIC-1 
520  V(NY,I)-V(NY,I) +R*RES 
530  NEXT 

540  RES-V (NY, NX- 1)+V (NY-1, NX)- 2*V(NY, NX) 

550  AR-ABS (RES ) : IF  MR<AR  THEN  MR-AR : IX-NX : IY-NY 

FIGURE  B-3.  LIEBMANN  ITERATION  CODE 
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560  V (NY , NX)-V (NY, NX)+R*RES 

570  RES-V (NY- 1 ,1)+V(NY,2)- 2*V(NY , 1) 

580  AR-ABS ( RES ) : I F  MR<AR  THEN  MR-AR: IX-1 : IY-NY 
590  V(NY,1)-V(NY,1)+R*RES 
600  KOUNT-KOUNT+1 

610  PRINT  KOUNT;"  " ;  Ml ;  1X1 ;  IY1 ;  M2 ;  1X2  ;  IY2  ; MR , IX , IY 
620  IF  KOUNT->NMX  THEN  GOTO  640 
630  IF  1NDIC-1  THEN  GOTO  270 
640  REM:  EXIT  ROUTINE 

650  REM:  SET  EPSON  PRINTER  FOR  COMPRESSED  PRINT  &  25/72  IN.  LINES 
660  REM  LPRINT  CHR$(15) ,CHR$(27) ”A"CHR$(25) 

670  FOR  JJ-1  TO  NY 

680  FOR  KK-1  TO  NX 

690  J— NY-JJ+1 :K— NX-KK+1 

700  PRINT  USING  "  #.##";  V(J,K); 

710  REM  LPRINT  USING  "  #.##";  V(J,K); 

720  NEXT 
730  PRINT: PRINT 
740  REM  LPRINT 
750  NEXT 
760  PRINT 

770  PRINT  KOUNT;"  ITTERATIONS  WITH  OVERRELAXATION  FACTOR  ALPHA 
780  REM  CALCULATE  CURRENT  ON  V-0  EDGE  AND  RESISTANCE  OF  SHEET 
790  ET-0 

800  FOR  1-1  TO  NX 
810  E-V (2,I)-V(1,I) 

820  PRINT  "X , E" ; (I - 1)*DX; E/DX 
830  NN-2 : IF  1-1  THEN  NN-1 
840  ET-ET+E*NN : NEXT  I 
850  JT-SG*T*ET : R-VO/JT 

860  PRINT  "W— " ; W; "  D-";D;"  A-";A 

870  PRINT  "RESISTANCE  OF  SHEET-" ;R 

880  RS-(B-A)/W/SG/T:REM  RESISTANCE  OF  SHEET  WITH  PARALLEL  EDGES 
890  RF-R-RS : PRINT  "FASTENER  RESISTANCE**" ;RF 
900  END 

910  REM:  FOR  FINITE  SIZE  FASTENER,  A>~DX 

920  FOR  K-l  TO  NIF 

930  V ( I FAS , K+l ) — VO 

940  V(IFAS+l,l)-VO 

950  V ( I FAS -1,1) -VO 

960  NEXT  K 

970  GOTO  410 


B-7 


for  pairs  of  image  sources  is  given  by  equations  (12)  and  (13). 


(y)  =  2  Vo  (-!)"-»  (  xan 
In <a/2/xa„)  *  r3n 


E  an » i  (y)  -  2  V0  (  - 1 ) n  x2n<i 

In  (a/2/xa„*, )  r a n x 

x2n  =  ( 2n- 1 ) B  +2nD 
x  a  n ♦  i  =  (2n  +  l ) B  +2nD 
r,2  =  x«2  +  y2 

The  electric  field  is  then  integrated  along  the  y  axis  as  given  in  equatio- 
(1).  The  results  from  this  method  are  surprisingly  good  considering  the  one 
dimensional  approximation. 


BOUNDARY  CONDITIONS: 

•  dV/dx  =  o  on  a,b,c 

•  V  =  o  on  d 


(12) 


(13) 

where 


FIGURE  B-4 .  IMAGE  SOURCES  FOR  1-D  METHOD  OF  IMAGES 


Method  of  Images  -  2  -  Dimensional 

The  two  dimensional  method  of  images  was  the  most  inconsistent  method 
tried  in  these  analyses.  The  problem  comes  from  the  lack  of  convergence  of 
the  electric  field  due  to  the  images.  The  set  of  images  for  the  two 


dimensional  approach  is  shown  in  Figure  B-5.  As  in  the  one  dimensional  case 
there  are  an  infinite  set  of  images  required  to  satisfy  the  boundary 
conditions.  In  this  case,  however,  the  number  of  images  increases  rapidly 
away  from  the  point  of  calculation.  The  electric  field  decreases 
proportional  to  the  square  of  the  distance  from  the  calculation  point, 
however,  the  number  of  images  increases  fast  enough  to  yield  nonconvergent 
results . 

The  best  approach  using  the  two  dimensional  image  theory  after  many 
different  types  of  pairing  of  terms  resulted  from  just  using  the  four  image 
sources  closest  to  the  panel.  The  expressions  for  the  electric  field  at  x=0 
are  similar  to  that  given  for  the  one  dimensional  case,  The  results  from 
this  method  are  not  in  very  good  agreement  with  the  other  methods.  This  is 
due  to  the  nonconvergence  of  the  method. 


FIGURE  B-5.  IMAGE  SOURCES  FOR  2-D  METHOD  OF  IMAGES 
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